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ABSTRACT. 

Spectra of well characterized, powdered ethylene oxide 
clathrate hydrate at 100°K have been recorded from 4000 to 
iyo Samples were prepared by several techniques from 
solutions of ethylene oxide (Oma) ae) HO or D0 containing 
from 0 to 10% HDO. The effects of small amounts of ice or 
solid E.O. on the spectra are discussed. 

The absorptions by the intramolecular, rotational and 
translational vibrations of the water molecules are assign- 
ed by comparison with the spectra of the ices. The 
spectral similarities between ice I and the hydrate show 
that the host is orientationally disordered and indicate 
that the structural differences do not markedly affect 
either the density of states curves or the intensity 
distribution; ftunctions for any of these vibrations. The 
absorption by the translational vibrations of the water 
molecules has no features attributable to factor group 
allowed transitions. Therefore, cheer. term, used in 
Ehe, theory for translational vibrationssin Orrentationally 
disordered crystals, is small for the hydrate. The 
Erequenciecs Of Maximum sanei nit ra—-Led sabsoLrptlOng in 4.0. 
hydrate and the ices are related to the weighted mean O-O 
hydrogen bond distances, while the breadth indicates the 
range of these distances. The Wop (HDO) bandshape is very 
sensitive to HDO ice in the sample. A plot of frequency of 
»),) (HDO) against weighted mean O-O bond distance for the 


different phases gives two straight lines, one for ordered 
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sree 
and one for disordered phases, but the halfwidths are less 


easily interpreted. 

The absorptionsyby intramolecular E.0., vibrations, are 
compared with the mid-infra-red spectra of gaseous, liquid 
and solid E.O. and the Raman spectrum of liquid E.O. The 
frequencies of the Ay CH. stretching and wagging modes and 
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ofPthel Bal ringevibrationvam |. Onedgaseare.reassia gned;,and 


ai 
the intramolecular E.O. absorptions in the clathrate are 
assigned. The E.O. frequencies in the clathrate are close 
to those of liquid E.O. but the bands are sharper. There- 
fore, either the E.O. motion in the two phases differs 
Sutiicientivecoscause therchangesi nahaliwidth,, or the halft-— 
WidEnS2s NOtLsignitacantly aniduenced. by smolecular 
reorientation in the absence of intermolecular coupling. 
The Ay ring breathing mode is a doublet with two satellite 
bands and the overlapping Ay and By ring deformations 
Couple: with the wotatronal, oscillations, of the water 
molecules. No other splitting or coupling is detected. 

The reasons for this are not clearly understood, but these 
results may indicate that weak interaction occurs between 
thes HO. Oxygenvatom land the host? molecules. s.Che 
absorption by intermolecular E.O. vibrations is tentatively 
assigned as a broad band from 1o0cm + to low frequency, 


centred at 50cmur. No features are definitely attributable 


to absorption by, 6.0.) %1n whe pentagonal dodecahedral cages. 
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CHART ERel es INTRODUGTIONSTO THE CLATHRATE HYDRATES. 


1.1 Inclusion Compounds and the Clathrate Hydrates. 

Inclusion compounds are solids in which one compon- 
ent entraps a second substance. They have been the 
object of scientific research for nearly two centuries 
(ij. Indeed the familiar laboratory test) for iodine, 
whichsuses,starch, xselies* one theivcreationsoft aneintense 
blue colour when the iodine molecules align themselves 
in channe lisaine thesstaschm(2)i- zeolites, molecular 
Sieves and many other compounds are of great importance 
in the separation and purification of chemical compounds 
CS)) e 

In 1947 Palin and Powell (4) studied the molecular 
compound of sulphur dioxide and hydroquinone (B-quinol). 
They deduced yirom thesx-ray dibiractcvonspattern that its 
structure consists of two three-dimensional.interpenet- 
rating lattices of hydrogen-bonded B-quinol molecules. 
These two lattices are intermeshed to form isolated cages 
inside which sulphur dioxide molecules are imprisoned, 
one per cage. A year later Powell (5) used the term 
Glathwate sto. déscGibe this type of anclusion compound. 

Glathratesvare, thereforesinelusion compounds sin 
which one component forms a three-dimensional lattice 
containing cage-like cavities, inside which individual 
molecules of other «substances are isolated. The lattice 


component is called the host and the encaged substance 
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is the guest. 

Table I illustrates some of the guest-host systems 
in clathrates. The references cited form only a small 
paLeeotathes literature onaclathrates.. In the wast 
example, the host molecule is water and the compounds are 


known as clathrate hydrates. 


1.2 The Discovery of Clathrate Hydrates and the Study of 
their Stoichiometry. 
Sir Humphry Davy in the Bakerian Lecture to the 
Royal Society of London in 1810 (43) said that; 
"It is generally stated in chemical books, 
thatwoxymuriatiesogas, (chiorine)wisscapable 
of being condensed and crystallized ata 
low temperature; I have found by several 
experiments that this is not the case. 
The-solution Of poxymuriatic gas in water 
freezes more readily than pure water, but 
the pure gas dried by muriate of lime 
(calcium chloride) undergoes no change 
whatever, at a temperature of 40 below 
0° of FAHRENHEIT. The mistake seems to 
have arisen from the exposure of the gas 
GOmCcOULORI DM bOum Les sCONnLaIiI ng mols ture .ee. 
Dhuistakehough crystals, of chlorine hyduace hadvinadVvert— 
ently been formed by earlier research workers, Davy was 
Hiecwticststo.real ize .thacytnis solidawas only, formed in 


the presence of water. 

Thirteen years later, Faraday (44) took advantage 
Gf£etheyorolonged cold winter toyprocure crystals of 
Ghicrinesnyarate for analysis se described the prepars 
aeLOnnonethe bright yellows crystals (45) and notedathat 


chlorine hydrate can be made to sublime within the 
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AB Labi se 
HOS 
P-quinol 


(hydroquinone). 


Phenol. 


Dianin's Compound. 
ZO livd Os 
phenyt—2,2,4— 
trimethylchroman 


and -thiachroman. 


Hofmann Complexes. 


Net 

Nig Cun tea Cae yvano 
Nig ee eS Ono — 
Nig ie COM Le) ammonia. 


Cus ee el 
Climates Lt 


Werner Complexes. 


Noe t 

For facecra= 

ComcL 
benzylamines 


4-methylpyridine 
1-phenylethylamine} 


dithiocyanate. 


GUESTS INCLUDE 


HCl * SOpta tsi CO 


SS aa, 
Kia, 


Da 


COye Ar Xe, N 


By 
NO, O H 


BE BERS 


H,S, 


CHBr, 


ecb, Uhenay (e) 


2 tA 
HiLJeMly 
Gas 


Coils 


CH.,OH, CH 


CH, (CH) 


Giel 


Dia, CoP CH, 


OH, HCOOH, NH 


Su 
3i, CH,COOH, 


COOH,  CHACN, 


4 s 
37 Bromodurene. 
CoHe, CyH,S, CH, 


C,H, N, C,H,O. 


NH,, 


Neue 


Xylenes, cumenes, 
methylnaphthalenes, 
dichlorobenzenes, 


methylstyrenes, 


p-terphenyls. 


GUEST-HOST SYSTEMS IN CLATHRATES. 
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TABGEE Ee secontinued. 
HOST 

Niles 

bisethylxanthate - 


A, Al=bipyridyl 
,-O=prenanthroline). 


NaAlS1i.,0., CaAl,S1,09, 


& other felspathoids. 
Silicon, germanium. 
Polyvinyl acetate. 


Water. 


GUESTS INCLUDE 


GIG ue G5 a uae 


CHC1.. 


Cacl Caco CaSO 


One 


Nal; Na,CO3, 2 


By 


Sodium. 


Iodine. 


Bae, HS, CS 


CH.Cl, CH 


Col 


3h, Clg haney 


ay S 


CH,NH,, 


(CH) CO, CEH Ng: 

[(iso-C.H,4),y 
+ 

[GES ale IeesOr 


+ o=— 
(n-C Hg) 38 ey Veh eae 


ees! 


INGL ISO). c 


Cebit; CoH.F, 


(CH,) 50, Cy 


+ 
N],Wo 
2- 


6° 
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preparation vessel. Faraday reported that chlorine 
hydrate.was, very nearly 27-7% chlorine and, 72-3% water or 
Sig, OEE | 

During the latter part of the nineteenth century 
many more clathrate hydrates of simple molecules were 
Preparedpands studzedua(40e 42, 460-9), Siihis: Group OF 
compounds attracted considerable attention, both because 
of the diverse chemical and physical nature of the guest 
molecules, and because of the variety of stoichiometries 
reported by different research workers. 

Owing to the vast number of clathrate hydrates it is 
impracticads to, review in thisethesis,,allsot the work 
carried out on them. Extensive reviews are available 
Cis 240bs 42) —1n this section jhe work. on the bydrates 
of chlorine and ethylene oxide will be used to illustrate 
many of the difficulties encountered during their study. 

The early research workers thought that the hydrates 
were stoichiometric compounds and, hence frequently 
took inadequate precautions to avoid the incorporation 
Ofaduleor mother Licguen wnto theicoasampies.. They, also 
made little or no attempt to prevent the decomposition 
Obetheshydraresduningestherr seecty. Not surprisingly, 
therefore, widely differing results were obtained. 

WiGtZen Lost prepared eens oxide hydrate in 1863 
GAG) byeicocolangsa solution of ethylene oxide iniwater 


Unidas, magcs Of. transparent, crystals was deposited ata 
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Cemperature 7 uSstwaboveuOac..) wie suggesteauthatsthese 
crystals were ethylene oxide hydrate, but he was unable 
to determine their composition. It was over fifty years 
before ethylene oxide hydrate was studied again (50). 

Faraday's preparation of chlorine hydrate was repeat- 
ed in 1878 by Isambert (51) who measured the dissociation 
pressure of the hydrate between 0 and 14:5°C. In 1883 
Maumené (52) prepared chlorine hydrate from water-rich 
and from chlorine-rich mixtures. His analysis showed 


that when excess water was present C1,.12H,0 was the 
product, but when excess chlorine was present then 
C1... 4H.,0 WAaSmEne Product wheal sourepomnted. agthird 


compound C1l..7H,0 and suggested that it consisted of 


EwoOuparts (ot C1,.4H,0 and one part of Cl,.12H.,0. 

Le Chatelier (53) in 1884 studied the decomposition 
OmeCchlorines hydrate in sorder to testuthe principles of 
thermodynamics and he extended the measurements of the 
dissociation pressure to include those for the hydrate/ 
ice as well as hydrate/water system. In the same year, 
Roozeboom. (54)h.studied, the Conditions Gf foermation, 
agsseciation, COompositionaand, density ob ‘chiorine 
hydrate and other hydrates. He dismissed the analyses 
of previous workers as inaccurate, and analysed large 
Crystals of athe hydrates iny the hope, that they swouldabe 
Jessucontaminated by mother Viquonsand lessesubject. Co 


dissociation than smaller crystals. He concluded that 
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there was only one hydrate, Cl..8H.,0. A year later he 
also published (48) the temperature dependence of the 
dissociation Sieeabaes (wht chlorine hydrate in the presence 
of water or ice. 

In 1897 Villard completed a study of the gas hydrates 
(49)= and published = his® Eindings in “a 105: page article, 
From his analyses he concluded that chlorine hydrate was 
C1l,.6H.O. All the hydrates, of both gases and liquids, 
which he studied formed cubic crystals and had similar 
other properties. Therefore he stated that the hydrates 
were a Single class of compounds of formula M.6H,O. 

Despite this comprehensive survey of the clathrate 
hydrates, further researchers continued to study their 
Stoichiometry andsproperties. In 1901 de Forcrand, (55) 


repeated Le Chatelier's thermochemical experiments to 


determine the heat of formation of chlorine hydrate 


from water and chlorine gas and compared the experimental 
value with the value calculated from the dissociation 
pressure curves of Isambert, Le Chatelier, and Roozeboom. 
De Forcrand (56) concluded later that the formula was 
Cl,.7H.0, and not Cl,.6H.0. 

Refinements in the techniques of preparation, drying 

Vee N 

and analysis were made by Bouzat and Azinieres (57) and 
they concuced in 1923 that the hydrate was C1,.6H.0, 
though their results ranged from C1..6°32H,0 to 


C1l,.6°76H.0. Anwar-Ullah (58), however, was Stizllil not 
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Sie 
convinced that the stoichiometry was correct and in 1932 


he tried three methods of preparation and analysis. He 
allowed samples to crystallize over different feng ths sof 
time, sometimes as long as nine months. In an attempt 
to prevent any loss of the guest, Anwar-Ullah dried some 
of the samples in an excess of chlorine. He concluded 
that the formula was C1,.6H,0 although his results ranged 
fron o°9 to 6°'45°moles- of water per mole of-chvorine. 
Teenow seemed that-cinallywarttver=20"vears the stoich— 
iometry of chlorine hydrate had been established, but 
later, X-ray studies were to show that this was not so. 
The freezing point of an ethylene oxide/water 
mixture was first studied in 1919 by Paterno (50). He 
stated that the hydrate melted at 11°C. ~“In'1922 the 
stoichiometry of ethylene oxide hydrate was investigated 
independently by Maass and Boomer (59) and Mazzucchelli 
and Armenante (60). Maass and Boomer measured the 
freezing point of mixtures of water and’ ethylene’ oxide 
and found that the temperature/composition curve had a 
Maximum of 10°7°C over the range CH,0.5H,0 to C,H,0.8H,0. 
They predicted that the stoichiometry of ethylene oxide 
hydrate was CH,0.6H,O. Mazzucchelli and Armenante (60) 
measured the melting point of frozen solutions in an 
attempt to avoid supersaturation effects. They observed 


a break in the temperature/composition curve at about 


13 mole % of ethylene oxide in water and about 12:5°C 
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but the data were not sharp enough to differentiate 
between 6 and 7 moles of water per mole of ethylene oxide. 
Lney, also observed that=ary 1:7) mixtures soltd1tied with no 
excess liquid while a 1:6 mixture crystallized with 
excess liquid and concluded that the hydrate was 

CoH,O. 7H,O. 

im 1940" Nikitin (61) proposed’ that an™inelusion 
compound was formed between water and the second com- 
ponent. This suggestion was confirmed by von Stackelberg 
(62) in 1947 who studied X-ray powder photographs of 
some clathrate hydrates and showed them to be clathrates. 
His incorrect structure gave a stoichiometry of M.6H.,O 
(63 - 66). Studies by Claussen (67 - 68) on the space 
filling properties of pentagonal dodecahedra, and further 
powder X-ray diffraction experiments by von Stackelberg 
and co-workers (69 - 76) and by Pauling and Marsh (77) 
finally showed that these clathrates contained forty-six 
water molecules in each unit cell and had an ideal 
stoichiometry of M.5-75H,0. However, in order to explain 
the results of ‘Maass “and Boomer *(59')") von -Stackelbexg 
and Meuthen (70) assumed that the ethylene oxide 
molecules only occupied some of the cages. 

In 1964 Glew (78) proposed that the oxygen atoms 
of the ethylene oxide fomectnites might be incorporated in 
the host lattice thereby replacing some of the water 


molecules. This hypothesis does not agree with the 
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results of dielectric measurements by Davidson and 
Wilson (79), Davidson, Davies and Williams (80) or with 
Ene eesulktemorusimule crystal X-ray studies by McMullan 
andsdgenrrever(S lL) ey andmhasmsince been abandoned: 97)% 
From their X-ray and density measurements McMullan and 
Jeffrey (81) showed that the stoichiometry of their 
sample (crystallized from an 8 mole % solution of 
ethylene oxide in water) was 6°4C,H,0.46H,0. Glew and 
Rath (82) used a flotation technique to determine the 
density of the hydrate. By assuming that the unit cell 
parameters do not change with guest occupancy in the 
samples studied, they were able to determine the 
stoichiometries of the crystals. They found a range of 
Valves =f Lom 2603 6C i 0.46H,O(C.H 


2.4 


6-80C,H,0.46H,O (C,H, 


equilibrium conditions: from solutions with compositions 


g0-7°21H,0) to 


0.6°76H.,0) for samples grown under 


in the range 3°6 to 13 mole % of ethylene oxide. Glew 
and Rath also noted that the composition of the crystals 
varied slightly with the temperature of formation. 
McIntyre and, Petersen (83) 2n, 1967 studied flash 
frozen samples prepared from solutions in the composition 
range 1°08C,H,0.46H0 to 6° 15C,H,0.46H,0 and found that 
the dimensions of the unit cell increased with increasing 
concentration of ethylene oxide and with increasing 


temperature. However, by extrapolation of their results, 


thesechange in unit cell dimensions over tChemrange 
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does not invalidate Glew and Rath's conclusions. 
Chlorine hydrate, ethylene oxide hydrate and many 

other hydrates can have varying occupancy of the cages 


Dyethne guest withinecertain elamitemote Stabasl ey (84) 


and are therefore non-stoichiometric. 


1.3 Guest Molecules in the Clathrate Hydrates. 

Clathrate hydrates are formed by a wide range of 
guests which include inert gases, hydrocarbons, acido- 
genic gases and polar and non-polar molecules (62). 

Peels NOt rT terlOne lore clathrate rocmatron thatetnie 
guest be a gas, since liquids (49), and solids, such as 
the tetra-n-butyl ammonium compounds (85), form clathrate 
hydrates. Von Stackelberg and co-workers (62 - 66, 

69 - 76) divided hydrates into two classes, on the basis 
of whether the guest was a gas or liquid at room 
temperature, but these divisions were made from a 
practical and not a theoretical point, Of View, (65). stn1is 
classification is rarely used today, but whe terms 
irourdenyarate and pareiciulanlyedas nydraceceare used. 

Using the chemical nature of the guest molecule 
Jetirey and McMullan (40) have classified the clathrate 
hydrates, 1nto four) categories: 

a) Hydrophobic compounds which are gases or 
Tiguidseat §-Ceand are.oniy slaghtly solublelingwater. 


Clathrate formation then gives rise to a 'solubility' 
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an the solid state that is orders of magnitude greater 


than found in the liquid state. Guest molecules include 
methyl chloride, argon, isobutane, and sulphur hexa- 
Lluonide. 

b) Water-soluble acidogenic gases for which 
clathration is competitive, under the appropriate 
Gonduetons, witha hydrolytic reaction leading to the 
formation of ions. Guest molecules include carbon 
dioxide and sulphur dioxide, but not ammonia or hydrogen 
ehtornide, for wwhich the hydrolytic reaction is ener— 
etically more favorable. 

c) Water-soluble polar compounds with 
acceptor, OG donner andwacceptor, hydrogen bonding 
potential. These have a solubility in water which 
characteristically increases with a decrease in *temper— 
ature. Guest molecules include ethylene oxide, dimethyl- 
amine, tetrahydrofuran and hexamethylenetetramine. The 
TaLterehyorate aceunusualvin, that the guest ms totally 
hydrogen bonded to the water lattice. 

dad) Water-soluble ternary or quaternary alkyl- 
Onium salts. In these clathrates the guests are the 
cations, whilst the anions form part of the hydrogen 
bondeédshos.ce lattice.) einecertain (cases, such asba benz— 
Oadteyatiemanionmmay ss unctlonrboth as parlLeor ene. host 
Aneasmauec me nics Class dilLierss tromethesLOlmer stnrec 


in that the interaction between host and guest is that 


. - juss 
a phiwe innem: 46 B2aRa0 we 
; a Fa) 1 ; ; . 7, : yoy: 

Stel ow? eoTuod co anand . fades macys any ' 
oe 7 vw : 7 : net ay 

- : ” of Bie vi ive oat i Ati iawoal ia 7 LG bla Orig Lynde 


“ty 


7 ~ 
y * L Misz seal - 
— 
: _ 
fo tye 5 4% os SJE3D : roc ; S| J ern {4 7 
ridin & et) 7 I ree ; ee J jee Le @ eee 
iw of pritael oui@oats - isi > aitw , ha eb ; 
; "7 
i f A) ih belie a athe) i ! - Las 2 ” AG eit 
iste ao | HA 400 a oivs boa mh EROke !, 
- f f 34,9 ° anon es 
- , wPfan dss 
nh i £ ‘ F 
Dita ‘thd ? a ¥ 1G 
; f 
wot ao é 
= i : y j ? sou IIOINSLE 
=f l ‘ me. j A a i> 97 i ' ii bas 0m 3 
ie! Pind jenel vj Siwweasd MIHyvYINETISS .,Pil 
’ a 
vis aw ko Sr jsaeeatey sat eri’? re «if basiehi: ‘a wile suye' Pf 
i] 
SO LATA j 9 .¢ hon - 
-FEURte Yanewetady dd eres incn-adaw (bh 
_ 


en S-—B +s oA i) TS) tml a:3 bv L g4 i at : 7 


oid de co i mt 
hak opal 
geet 


paanpeaiea ‘wild ea Re ben, one ira 


rn 
- sont _ ‘Give isn iaial was aad 


gine wate a 


! 


ae , si’ 


153% 
"Ola Cation WLehine an Onle wattice rather than that of 


a neutral ‘molecule ™inea lattice, “Nevertheless, “this 


does not necessarily change the nature of the host 


structure. » Guest molecules’ anclude (acy He) ouEee, 

+ - - - 2- 2- 
(iso CoH, 1) 4N catror wethee = Ck’ “OH Cro, A Wo), ; 
CAHECOm, or HCO,, anions, and HPF, where the Bee Tones 
the guest. 


Drees OW Vil tard (49) "noted that the clathrate 
hydrates were sometimes formed by two different guest 
molecules, particularly by a liguid in the presence of a 
gas. For example carbon tetrachloride alone does not 
form a clathrate hydrate but, in the presence of small 
GuantatieceOLlalt, a sstableaclachrates setormed (62). 

Von Stackelberg divided these 'two guest clathrate 
hydraces nto two classes (62, 76) mixed hydrates, (72), 
and double hydrates (73). When a mixed hydrate is 
subjected to intermittent pumping at constant temperature 
the pressure gradually decreases, whereas under the 

same conditions, a double hydrate creates a constant 
pressure until completely decomposed (86). Van der Waals 
and Platteeuw (86, 87) studied ternary systems including 
the H,S-C,H,-H.O system and from their results they 
concluded that von Stackelberg's distinction between 
double and mixed hydrates was not an essential one. 

Both types of hydrate are solid solutions of two 


volatile solutes in a hydrate lattice. Double and mixed 
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hydrates are therefore similar to other clathrate 


hydratesvand’ ditter only, im thevflact® tha tethey have 

two guest species rather than one. The reason why 

some molecules only form hydrates in the presence of a 
second guest species, often termed a help gas, 
hiaisgase yOLe von Stackelberg (62), will be understood 
when the structures of the clathrate hydrates have 


been. discussed. 


VAs Glathrate Hydrate Structures. 

Von Stackelberg and co-workers (62) were the first 
to propose a structure for chlorine and related 
clathrate hydrates. They compared the X-ray powder 
photographs of several hydrates with those of a group of 
metal borides which they had previously studied (88, 89). 
The X-ray photographs of the hydrate were lost during 
the war and FORT ete structural analyses were not 
Garbried Out Until several years dater 169). in this (62) 
and several later papers (63, 66) they concluded, 
PnCOLrecCt y,, that he borides and clatnrace, hydrates 
were isostructural, and stated that there were forty- 
eight water molecules and eight identical cages in 
each unit cell. This gave a stoichiometry, assuming 
complete occupancy of all the cages, of M.6H.0. 

Claussen (67, 68) used the idea of a regular 
pentagonal dodecahedral arrangement of eee molecules 


and investigated different stacking arrangements for 
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these units. His results indicated two structural 


possibilities. The first (67) has large hexakaidecahedral 
cages together with the smaller pentagonal dodecahedral 
cages, whilst the second (68) has tetrakaidecahedral 

cages of an intermediate size together with the pent- 
agonal dodecahedral cages. 

Pauling and Marsh (77) carried out a careful X-ray 
study of chlorine hydrate in 1951 and found that there 
were only forty-six water molecules and eight cages per 
unit cell. This structure is identical to Claussen's 
second structure (68). About the same time von 
Stackelberg and co-workers studied the hydrates of 
chlorine, sulphur dioxide, methyl chloride, and hydrogen 
sulphide, and independently discovered this new and 
correct structure (69), which they later named Structure 
DEO) 1o Ctaussen'sttirste’s tructure (6/7) was *catted 
Structure II. Recently hydrates containing pentakai- 
decahedra (fifteen faces) and polyhedra with up to sixty 
faces have been discovered (40) but the vast majority 
of hydrates “of ‘categories (a), (bb); (c) Yn section 1.3 
are either Structure I or II and only these structures 
will be discussed in this thesis. 

Structure I hydrates are formed by ethylene oxide, 
chlorine, and many other small molecules. The 12A cubic 
unit cell, space group Pm3n, Oo; , consists of forty-six 


water molecules with the oxygen atoms arranged at the 
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vertices of six tetrakaidecahedra and two pentagonal 


dodecahedra, as illustrated Se einer verbale ysis ska winktenbees hss 
The smaller dodecahedral cages (Figure 2a) each have twelve 
five-sided faces whilst the larger tetrakaidecahedra 
(Figure 2b) each have twelve pentagonal faces, four of 
which are shared with adjacent dodecahedra, and two 
hexagonal faces. The former cages enclose almost 
Spherical spaces with a maximum diameter of 4-860 whilst 
the latter have oblate ellipsoidal cavities with principal 
axesnOleo UH. 2,9 00> 2 eand 6-0A. The dodecahedra of 
twenty water molecules are arranged at the corners and 
in the centre of the cube. The corner dodecahedra are 
linked together by two additional water molecules to 
form hexagons, whilst the translationally non-equivalent 
central dodecahedron is hydrogen bonded both to the 
corner dodecahedra and also to twelve of the water 
molecules in the hexagons. Allen has pointed out (90) 
that this arrangement of water molecules cannot occur 
WlEMOUL, SlLightudistortions of the pentagonal dodecanedra 
and tetrakaidecahedra from their regular geometric 
Se Pucther wfethe size. Of, they itreely rotating 
GuestetsmclOse tO thal Ol the cages then some distortion 
Gumtne  labterce May Occur and the cages may Only be 
Partially occupied. For ethylene oxide hydrate MeMudvan 
and JeLrrey (81) reported a 20% occupancy of the 


dodecahedra and complete occupancy ot the Cetrekaideca— 
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EIGURUAee Lhe Unie Celleinve Structure sarclathrate 
hydrate. The circles represent oxygen atoms and the lines 
represent O-H:::O bonds. The darker lines enclose two of 
the six tetrakaidecahedral cages. Reproduced from 
reference 81. 


ELGURB. 2.9. Gages of Struccure I a,b) and structure, 11 
(c,d) clathrate hydrates viewed along axes of highest 
symmetry. Literal identification of the sites follows 
thesnotation of The, International Tables stor x-ray 
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NedtenselielO-O bondsdistances are 22/66, 9 2°7/6,.2681 1 


and 2-844 pte) 2G een genencemthere 1s a islugnt non 
planarity of the pentagons and a distortion of the angles 
of the planar hexagons. Guests which are too large to 

fit into the dodecahedra usually form Structure II hyd- 
rates. 

Structure II hydrates contain pentagonal dodeca- 
hedral and hexakaidecahedral cages, the latter being 
larger than the Structure I tetrakaidecahedra. The 17A 
Sub Cuunitecel | 7space.qvoup Fda3m, 0/ , consists of one 
hundred and thirty-six water molecules arranged at the 
vertices of eight hexakaidecahedra, and sixteen pentagonal 
dodecahedra, not twelve as Claussen (67) erroneously 
listed. The’ pentagonal dodecahedra (Figure 2c) are 
slightly distorted with two opposite angles tetrahedral. 
In the lattice the dodecahedra are arranged so that four 
of them meet at their tetrahedral apices, thereby sharing 
adjacent faces. This face sharing between pentagonal 
dodecahedra occurs in three dimensions and the tetra- 
hedral apices form a diamond type lattice. Slightly 
distorted hexakaidecahedral cages (Figure 2d) are formed 
in between the dodecahedra. These larger voids each 
have twelve pentagonal and four hexagonal faces and are 
almost spherical cavities with a mean diameter of RO. 
Mak and McMullan (91) report that the hydrate of tetra- 


hydrofuran and hydrogen sulphide at about -20°C has 


, . Me! | 
TF iT 
A ; a . 
? 
. Ps i - ; ; = . , v- > 
Ae ae an eageerehin Til deg ait - 
e ba Sie ; me, ©- 7 
_ a A’ nei Te ie abhi iets B2K ft Lora , hs ame oe ihe -“ 
anion a pod bh MOTIION Pals Pe” aces ETA ne co owned 


ny SUXAL ant sas (folatw <ie NE seteatt mae tu ‘tla 


-_ aT ; ins Eve Wetay LZ oa farMebeh, dita ade 
69 ‘ J 4 i 
ete | | 4 
ays | : re 
enn & 
fe Pug “7 29.6 j i 
Pip tne ' p 
rh’ ty Ki 
ott it pint i 
te, 4 1 
; wi ieedi A : ‘ 
ii i pJnaqy. 0 ; Tn) } f ‘ 
7 - _ eigde? hes. tint «ete a) Slate _ gireanane® sf 
. ae 
—_ one NESRGATR SaBSS ini agys Onis » Keel Seen iaie 
‘or as St erueit) egGeo fe zien ne Sateen Bary wad 


ate sth is ~ ay biel re baiteantiet any weenie 
one a Bye’ Lacie x02) to inaoy Tan me 


an on KM 9 1tky Jasishles z r 


= 


a3 0% welt Brit tel 2 30H a, Pay 


ean ed Nene 
_ 


* w iba sh 


_ 


ZO 
e) 
O>OSDoOndrdvstances sone) 76/7 620/16, 2/96 wanded= O12A 


and slightly non-planar hexagons. 

in Structure II hydrates large guest molecules will 
probably only occupy the hexakaidecahedra, whilst the 
dodecahedra are empty or are occupied by smaller molecules. 
For the hydrate of tetrahydrofuran and hydrogen sulphide, 
Mak and McMullan (91) concluded that the hexakaidecahedra 
were totally occupied by the tetrahydrofuran molecules but 
that no tetrahydrofuran occupied the dodecahedra. Instead 
the pentagonal dodecahedra were 46% occupied by hydrogen 
sulphide molecules whilst the remainder of these cages 
were empty. In carbon tetrachloride hydrate von 
Stackelberg (62) Vreported@thatvoniy-0=015emoles of 
nitrogen and 0°:015 moles of oxygen per mole of carbon 
tetrachloride are needed to stabilize the hydrate. 
Presumably the oxygen and nitrogen molecules occupy some 
of the dodecahedra. Unless specific precautions are 
taken ™tovexclude air duvingwtormatione1e wililiprobablysbe 
uneorporated anto therhydrate,y 8Von Stackelberg (63) 
has*observed the’ liberation or “air '? frome bromineshydrate 
during its decomposition and found that’ the:"*air® was 
50% oxygen and 50% nitrogen. 

Thesstabadityeot manyedas Mydratesscangsbe ancreased 
by raising the pressure of the help gas, as noted by 
Valtardat( 49) % This phenomenon was further investigated 


by Barrer and co-workers (92 - 95) -who studied the 
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formation of chloroform hydrate in the presence of 


hydrogen, neon, argon, oxygen, methane, krypton, xenon, 
SGunene eet lane, Or Catbon dioxide at a pressure of about 
700mm of mercury pressure. The hydrates contained 

eh OLOLoOnrMein 945 -toOsO See ot the, large Cavities pucL 

only 0°:46% to 64% of the smaller cavities were filled by 
the help gas. Higher occupancy of the smaller cavities 
was obtained for spherical gases with a radius similar 

to that of the pentagonal dodecahedra, for example xenon. 
Barrer and co-workers (92 - 95) extended their studies to 
Ebepinclusion Of tareygases in Structure Piehydratesvand | 
from their measurements on both types of hydrates they 
estimated heats of intercalation and compared these 

with theoretical models. In this way they were able to 
explain qualitatively. though nol quanta tatively, etne 
enhanced stabilization of the hydrates caused by the 
help gases. 

Hence it is now clear why the chemical and many of 
the physical properties of the guest molecules do not 
appreciably affect, their ability “to form gas “hydrates. 
Miemiose tmportantmcrs teblagtOtmc athtalemnvarale 
formation are the Sizveuana shape On thesgquest, sbounlor 
whtcheshould, be closer tomtnose OCLs Cheecavity. seins 
structural phenomenon of enclathration unites the 
clathrate hydrates and separates them from all other 


compounds which crystallize with water of crystallization. 
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The formation of 'snow' in natural gas pipelines 
at low temperatures and high pressures has caused 
constriction and sometimes total blockage of the pipe 
(26g /) ee ln '9e4 Hanmerschmidc 196) di1ecoverea chatea 
compressed mixture of natural gas and water vapour froze 
above 0°C. He realized that the solid was either a mixed 
hydrate, or mixture of hydrates of methane, ethane, 
propane, and isobutane. Hammerschmidt found that the 
"snow' forms most readily at high gas flow rates and 
melts at 34°F at 110 lbs per square inch, but the melting 
point increases to 60°F at 800 lbs per square inch. The 
clathrate hydrate may be destroyed by adding a hydro- 
philic substance which does not form a hydrate under the 
ambient conditions (97). Amongst the chemicals which 
have been used are ammonia, for gases with low carbon 
dioxide concentrations, and the low molecular weight 
alcohols (97 - 99). Prevention of hydrate formation is 
obviously preferable. For this reason, small quantities 
of ammonia or alcohol are often added to the natural gas 
Aedes Glathcae the gas may be dried, either by means of 
a drying agent or by refrigeration, until the vapour 
pressure of the water is below the dew point (96 - 101). 

Miller (102) has proposed that clathrate hydrates 
containing oxygen/nitrogen mixtures may exist at depths 


greater than 1500 feet below the antarctic ice cap. 


o 
Tey 
; awk: Le Tt nadies 


: mn eT =e pin 
-@Gone a hs 19 2290 i» ShnGS; eal 
at ey, 


Ler i 16 GOL é bgt | rks 


e _ 
7 - ” : > oak 
Baniion of) AS71GRSe75 Mets bans ati aeeqme 1 We 3 
} ; - 7 aa > 
i = iG 
: . , ee wer s.?, .7 
eato ati Sa apcacole Tris « dosti Rh, 
pdm baw oon ih (8) thidhs scat BERD HF «the 
OG ade 1h] 4 5 Be J } se It Dade 
: 
7 P 
beg Tele iu i? ; = gl we 
7 - i 
, THO a Tele Ai : > Lijjain- ro * wate 
! ; : 
4 
oma iy > ty BP; SD Aidiietla f » 2st 52 Se Dl a baa Sag as 
a - 
Arey e 17 yd i ewe amie’ wot 
al 
t : ~ 
‘ - oy nial 
ite an. fihiyat. £ J } if (Vict 2a nt Tt atia 
: vi a { ‘ ; i C144 ps ? 
_ f i, <£ Wy Apt 3 (of a1 | te 
iy , ; 
‘ iif >| I i fi i et ta “if ». 7 ‘ 
os a) - 5 ii” as Aco i a, 
eats : 5] > a 4 7: ’ a ' 
Tea bee Gr} odie bi ‘Lon eee +} A Lon t2erethy a 5 
BS HBtIANISD seul SO. fol se eyst% fem ~ 8) alosools 
a = 
& . > a 7 
eg ee erie i tl AA) .7GEBe. 2! ria b . 40a salted res py 
a ou ts 


César ac? of halon |e UR ol ele. acl ei depewene! 
tt : me We tenths 7 Seese et ese sey cas Wow ienats ¥ C 
> 4 7 : - > - 
Ay oer ten 1 ladle LW TT Dicey qa ee 
| seh pL why WT ef 
a 7 Ligeti yaae re = 
2 aan Faden feFeH sews ame) HO 


: 


BAD: 8 mn Ra ot ‘iaiedes my en r 
Pein ici iy ita Sa 
- 7 


DEY» 
Laboratory studies have shown that an oxygen/nitrogen 


hydrate would be stable at ~29°C and 70 bars, the 
Gondttiois existing gat this depth in the vce cap. ots 
presence would explain the observation that even though 
gas is evolved on melting deep ice, no bubbles are 
observed in it. 

Speculation on the natural occurrence of clathrate 
hydrates has not been confined to terrestial locations. 
Several laboratory studies on condensed phases (103 - 106) 
of mixtures of water vapour and guest molecules have 
been carried out in an attempt to explain some of the 
physical measurements made on other planets, on comets, 
and on interstellar particles. Delsemme and Swings (103) 
have suggested that both the vapour pressures and the 
rates of sublimation of methane and carbon dioxide 
clathrate hydrates are of the same order as those 
observed for the nuclei of comets and for interstellar 
grains. They suggest that this evidence, together with 
spectral identification of radicals and ions formed 
from carbon dioxide and methane, indicates that the CO, 
and CH, clathrate hydrates may exist in these environments. 
Ongcine: basis Of dissociation pressure Measurements, 
thermodynamic calculations, and a knowledge of planetary 
environments, Miller (104) proposed that clathrate 
hydrates should exist in the atmospheres of several 


planets. He suggested that methane hydrate or a mixed 
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hydrocarbon hydrate is present on Uranus, Neptune and 
Ehessatel lites and@rings (of Saturn, and may possibly ibe 
present on Saturn, Jupiter and the satellites of Jupiter. 
Miller also suggested that clathrate hydrates might exist 
in the atmospheres of Venus and Mars, the Martian ice 
CaADymanGmeVe: En the nigh clouds of tChesearth. 

Poway besn le of space ‘exploration further data are 
being obtained on planetary environments. The Mariner 
Space probes have sent back data on the surface temper- 
ature (153°K) of the Martian ice cap and on the partial 
pressure of carbon dioxide (6°5mb) in the atmosphere, 
and Miller (105) states that carbon dioxide hydrate can 
form under these conditions. He notes that the amount of 
water vapour is insufficient for extensive occurrence of 
Carbon dioxide hydrate in the Martian atmosphere. 
Neubager and co-workers (107) report that the temperature 
measured by Mariner 7 over the frost covered area of the 
southern cap is 148°K, but they only conclude that this 
provides evidence that frozen carbon dioxide is its major 
constituent. Belief in the existence of water molecules 
on Mars has been encouraged by recent observations. 

Using terrestial observations, McCord and Westphal (108) 
have observed infra-red absorption features, which differ 
between light and dark areas of the Martian surface, and 
which occur in the relative reflection spectra near the 


expected frequencies for ice and water. Further, the 
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most recent Mariner photographs (109) show a channel 


with tributaries which could possibly be caused by water 
erosion, and also indicate two white SpOtCs@inea Cua cer 
close to the Martian equator, where the surface temper- 
abure 1s believed to be too high for solid carbon dioxide 
EOnexXiSt. 

Clathrate hydrates have also been studied by several 
commercial enterprises in attempts to find a cheap method 
of desalinating sea water. Much of this research has 
not been published or has only been described in patents 
CERIO) yor -cechnicals government reports (lll). A brie 
review of the use of clathrate hydrates in desalination 
has been given by Bhatnagar (112). The hydrate is 
usually formed by low molecular weight hydrocarbons at 
pressures of 30 to 40 atmospheres and about 15°C, so as 
to minimize the refrigeration costs. When the hydrate 
TS eeOrmedserrom a saline: solution the product asesalet 
ices, Thersoiltd 2s fr tered ofr andygently warmed; at ca 
lower spressure, Until the crystals melt and the) hydro 
carbon separates out from the pure water as an 
immiscible loud. SoeVere le pilOtmo onto bOnedece | ictlng 
Searwater have been built, but the economics of this 
process may prevent it from being widely used. 

Hence clathrate hydrates are believed to occur 
widely throughout the universe and may increase in 


practical importance if the costs of water desalination 
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Via clathrate formation can be reduced. ae 
1.6 Studies on the Molecular Dynamics of Clathrate 
era 

mene. act Bieioes years several techniques have 
beengsusea jlo study the clathrate hydrates . Dielectric 
measurements (42, 79, 80, 113 - 125) have yielded 
LatormatLonsabout they revaxation o£ the water molecules, 
about the guest reorientation and about the activation 
energies sseNucleansmaqnetic réesonanceésstudiess (42, lly, 
pee Ce he pee else anges theppossibi lity tof 
water molecule or proton diffusion close to the melting 
point and have characterized the guest motions, whilst 
Rica y ed beracelonn (40,642) sandatheorerical calculations 
(130) have given evidence about the configurations of the 
guest in the cage. Limited spectroscopic studies have 
alsombeen published, (131 = 136)... The: main emphasis in 
this section will be.on the results obtained for 
ethylene oxide hydrate. 


INGulaebae lectricarelaxation. Studies’. 


By measuring the dielectric loss © or the conduct- 
ivi tveOy. ALeLeCctcl Core laxabilon experiments study ene 
absorption of electrical energy due to the reorientation 
of polar molecules, and the concomitant change in the 
dielectric permittivity or dielectric constant, ee ‘BhLS 


absorption causes both the orientation polarization 


and the change in dielectric permittivity, and they are 
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Paes 
directly related to its magnitude. The energy absorption 


and hence the molecular reorientation usually occurs at 
frequencies below 30Gc/s (lem7}) , 

The molecular reorientation is a relaxation or rate 
process which can be described by either the Arrhenius 
rate equation or by the Eyring transition state theory. 
Reorientation can only! occur) afi ,there: are. two or more 
possible orientations with equivalent energies, and 
obviously, the rate of relaxation is dependent on the 
local intermolecular forces. Several mechanisms of 
relaxation have been proposed (115). 

For the hydrates, two relaxation processes are 
generally observed: one at low frequencies, associated 
with the relaxation of the water molecules, and one at 
very high frequencies, associated with the relaxation 
of the guest molecules. The observation of a relaxation 
phenomenon for the water molecules of the hydrate clearly 
indicates that the water molecules are disordered, since 
ansordered solid would ‘show: littlesor no relaxation,.as 
is@biver cases fort Lcemiis (37). 

The relaxation rates of the water molecules in 
Structure II hydrates at -40°C are in the range 200c/s 
£0 30Ke/s) (123) wasecompaned, with; valuestof 1505( 138) (and 
OO, ceeCls oe fori aice; Lhivat -—A0°Cs) The water: molecules’ un 
Structure I hydrates relax even faster than those in 


Structure II hydrates. For the following hydrates the 
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2B, = 
values at -40°C are: cyclopropane 530c/s (121), ethylene 


oxide 480Kc/s (125), nitrogen 800c/s (120), while 
trimethylene oxide Structure I hydrate relaxes twenty 
times more rapidly than its Structure II hydrate (114). 
Hence, although the water molecules in ice Ih and in the 
Structure I and II clathrate hydrates are tetrahedrally 
surrounded by other water molecules, the presence of the 
cages and guest molecules makes the relaxation of the 
water molecules more facile at these temperatures. The 
reason for this faster relaxation is not clearly under- 
stood but it must involve the number of lattice defects, 
the energy of defect formation, and the ease of defect 
propagation. However, the results on hexamethylene- 
tetramine hydrate, in which there is an activation energy 
of about two-thirds that in ice, have been tentatively 
interpreted (118) in terms of an easier propagation 
mechanism in that hydrate, as compared to ice. 

The relaxation of the guest molecules has only 
been observed in a few hydrates because, at convenient 
temperatures, it occurs at very high frequencies where 
experimental techniques are more difficult. Davies and 
Williams (119) have studied the high frequency relaxation 
of the guests ethylene oxide, tetrahydrofuran and acetone. 
Their results indicate that the relaxation rates at 88°K 
are about: 6°6 xX 10 6/e. a: ee igs ATipiaese eX eee 
respectively, but the frequency of maximum absorption 


was not well characterized in their experiments. The 
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SlOWweteecloxation timesore tne structures) ethylene 


oxide hydrate compared with the Structure II tetra- 
hydrofuran and acetone hydrates is attributed (119) 
CGnclega eater Treostrictulon or. the ethylene oxide molecule 
within the tetrakaidecahedron. 

The guest molecule relaxation in some hydrates has 
been studied by Davidson and co-workers (123) down to 
about 2°K and it was found that a reorientation rate 
Olg kc /seoccuns: toricyclobutanone, quest (Structure. 11) 
at 31-8°K, for trimethylene oxide guest in its Structure 
I hydrate at 51°9°K and for ethylene oxide guest 
(Structure I) at 28°8°K. Cyclobutanone, trimethylene 
oxide (Structure I) and ethylene oxide are close to the 
maximum possible guest sizes for the respective hydrate 
classes and hence their rotation might be expected 
to slow down at a temperature higher than would be the 
case for other hydrates. Davidson (42) has confirmed 
this with observations on other Structure II hydrates 
where the temperatures associated with guest reorientation 
malessOn lkco/s are: acetone 202, stetranvdroturan.2 l- 6, 
ancetrimechylene oxide l2+0 kee eocimilar erlects occur 1n 
all these hydrates for reorientation rates between 10c/s 
and 1Mc/s. Thus the guest molecule relaxation rate 
decreases with increasing guest size, for a given cage, 
at a given temperature. Dielectric relaxation studies 


have yielded no evidence of different guest behaviour 
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hydrates (42). 

From the studies of the change in relaxation rates 
wlth temperature it is "possible tovcalculate the 
activation energies for reorientation of the guest 
fotect ice at these low temperatures (below 40°K). The 
eleser theamoleculan sizetiisvtonthe sizerortthe cage 
the higher the activation energy. Ethylene oxide hydrate 
Has@anweactivationeenergy of 1-42kKcal/mole. For Structure 
II hydrates the values are: trimethylene oxide 0°60, 
acetone 1°08, tetrahydrofuran 1°06 and cyclobutanone 
La44kcali/molke (42) SeeThesetvalues tacersimilar Ute those 
obtained at higher temperatures by Davies and Williams 
at Aberystwyth (119), and give average values over the 
temperature range 30 to 100°K of: 1°26 for ethylene oxide 
hydrate, 0°82 to 0°94 for acetone hydrate and 0°92Kcal/mole 
for tetrahydrofuran hydrate (42). 

Hence dielectric relaxation studies indicate that 
the hydrogen atoms of the water molecules are disordered 
in the hydrates, that the water molecule relaxation slows 
down idintil “tis undetectable ‘at 100 °k, “and “thatthe 
Guestmmolecules’ dosnobestopereorl ent ing nti veryelow 
temperatures. Dt canvalso “be ‘concluded "that;~becanse of 
this reorientational freedom, only weak interaction 
exists between host and guest molecules. There is no 


evidence to suggest that there are large differences 
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in energy between various orientations of the guest 


wEtnin “the cagenorn within thevtwotyoes sot cage’ in 
SHuneranot ructurelwy or Lisnivyaratce, 
176.2 Dielectric Constant Measurements. 

The dielectric constant at frequencies below about 
i Oe Fe Con tamnscmcontrerbucLlOnss from the electronic and 
atomic polarizations and from those orientation polariz- 
ations which arise from frequencies higher than the 
measurement frequency. 

Ice, at -0°1°C, has the low- and high- frequency 
dielectric constants EG = 91°'5 and &, = 3:10 respectively 
(138), but as the temperature is lowered the orientation 
polarization becomes progressively slower and at 100°K 
no relaxation of the water molecules can be detected (139). 
At this temperature it is only possible to measure San 
Whiicihers sbetweenuscl and 3-2 )(140) /eithe Structures. 
hydrates of the non-polar molecules, argon (120), 
nitrogen (120), and cyclopropane (121) have €, values of 
2°85+0°10. Ethylene oxide hydrate has Gs a Sandee pyee L0 
ate2ie?h (125)@and tab s0- Wes can beSticasuredeatuiKc/s 
eiqrel Tk I (Obese Eeais Mainly eduemto: therorventation 
polarization of the water molecules while Seog is mainly 
due vto thevorientation pclarizationsolethe guestamotecutes. 
AGeAske therduest, ethylenesoxitde;srecrlentationmnatemis 


less than 1Kc/s (125) and the dielectric constant at lkKc/s, 


0 = 4:14+0:3. Clathrates of other polar guest molecules 


eee on 
£e , - 4) 7 i Fn ci 5 
- Ss - © ar ae eer ainda 7 

i ea 


7 Yl deseo 25-Bonpe? jaw ene a8 Te 


westhict 1) 2 F oresawtle sortie 

7 . 4° > 7: a 

. yi 45M. Jiestedewt ‘yoaeleia i 

: ve 

Piee (a wr! tw i770 mae 5) on HID ePPRse oats at) wee 


me 


soi? a7 v ! il J le d ' i iio eet) ee ar | oe 
ci5e bes ANISR4eeL in Be i he ks siimeeas | 


(i el ala ti anl \ : + aoa on 


is 
ne — is 
; wy “ 4 7 4 4. * TF? 
» ' tnd ‘ie 
’ f | ) iva = 
J “j i} | i 4 4 T 
—-_ 
® if i) 4 / + t 
7 j : j oe, by 
_ o 
| j - Vv 
E 
7 > | ; } ' 
A 
! Z aw 
Gl ae } Sar* if pty) 


a\ ori Sh ati tear -eci bse 2°08 We ihe (Bers oe 
. ar ai 


Qs istic 


, \cnmaey ' he : iy pw oo Seem Tse f! 


ape wea ene MOP SY. Ali ict Gets Ss 4 i naty 


S° 4 Pye s 
% Me = AdG%) (BH LO ane 
aa 


se ie bart orn station fsady 3\\3 em A sty 


a 


_ ' ZZ 
Pon [= ate _" 
tree dain aad (Og waive fo! u>secdiee 

~~ 
- vn 


Lie 


also have € values at 4°K which are considerably higher 


GO? 


than € = 2°85 observed for hydrates of non-polar 
moteculles (120, 71L2)T) this dit ference i's attributed! to 
theratomice polarization, oe mainly from the 
POLAaLLONay VLDrations "OL =the polar’ quests, which should 
absorb light below 00cm. 

Hence studies of the dielectric constants indicate 
that hydrates containing polar guest molecules should 
show Qui te™ strong ary intra-red absorption by“inter— 
molecular vibrations of the guest molecules (42). 

1.6.3 Nuclear Magnetic Resonance Experiments. 

Nuclear magnetic resonance studies can give 
information about the motion of the host water molecules, 
andwoL- ther quest molecules if they contain magnetic nuclei, 
The most commonly studied magnetic nuclei in the clathrate 


ons (Qi e Ase 25) Awe temperature 


hydrates are qh and 
studies are carried out to ascertain the change in 
molecular motion with temperature (117). 

The width of the resonance line is sensitive to the 
motion of the molecule in which the magnetic nucleus 
causing the resonance line is situated. However, since 
the lineshape changes as the rate of molecular motion 
changes) =the™second moment of themresonance™ line as *orten 
Studiedein preference to the linewidth (141). Qualitative— 


ly, the second moment is a measure of both linewidth and 


lineshape. Molecules in a rigid lattice exhibit a broad 
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resonance line and hence have a large second moment, while 


rapidly moving molecules are associated with a narrow 
resonance line and hence have a small second moment (141). 
The observed second moment can be related qualitatively to 
thegrate Orwmolecular motion previ dedmthatmune: nigid 
lattice second moment is known or can be estimated from 
the crystal geometry (42, 125). Activation energies have 
beenmca Cu la CeaGweroniebesed ata (G77, eed eebuc game enerad 
Ghevwlaror less waccurate, chan those obtained sfromudielectric 
relaxation measurements and, therefore, will not be 
considered further. 

Narrowing of the water proton resonance line of 
sulphur hexafluoride hydrate (121) and of cyclopropane 
hydrate (122) is believed by Majid, Garg and Davidson 
to be caused by the diffusion of water molecules. They 
suggestea(e! 21) e122) (reheat asince) this inarnowingnoccursiat 
a lower temperature in hexagonal ice, the diffusion of 
water molecules must occur via an interstitial mechanism. 
Davidson, in a more. recent publication (42), suggest that 
Watem molecule on atleast proton datiius1zon may besmore 
GEEGCH Vey CHammeorlentaciony Dnmcausing Taine Nancowsnds in 
clathrate hydrates. However, he points out (42, 142) that 
the mechanism or mechanisms of diffuszon vane not »yet fully 
understood. 

The behaviour of the guest molecule is usually 


studuedubys obsexving the iclathrate;, deuterates;y although 
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at suitable temperatures two proton resonance lines 

can be observed for some hydrates. One of these lines 
Lsebroad andi arises fromathel water, wwhidstithesother is 
sharp and arises from the guest (122). Brownstein, 
Davadsongand Hiate(1l7)) concludedyirompatstudysosethe 
linewidths of several hydrates, including ethylene 
Oxide hydratenythatidownnto aboute-702CG) the guest 
modecules: inmbothyStructure, eandert hydratesuwere 
SOCAL nGeraplaiy. 

For sulphur hexafluoride hydrate, Majid, Garg and 
Davidson (121) found that the els second moment was in 
agreement with that calculated for an isotropically 
rotating guest molecule even at -180°C. Similarly 
forgcyclopropaneshydrateytheytalsogfound (122) that 
at -196°C the second moment of the narrow proton 
resonance line associated with the guest showed that 
the cyclopropane molecules were executing rapid, 
effectively isotropic rotation within their cages. 
Khanzada and McDowell (129), from their measurements 
OnecyClopropanesdeuterate, efoundevalvies sor gunessecond 
moment which are higher by a factor of four than those 
of Majid, Garg and Davidson, and they concluded that at 
77°K the cyclopropane molecule is stationary. By 240°K 
they say that the molecules oe freely rotating about 
their C. axes. Davidson (42) has suggested that the 


3 
difference between his and Khanzada and McDowell's 
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So 
results may be attributed to inadequate hydrate content 


in the samples used by the latter researchers, or by faulty 
second moment calculations (142). McDowell and 
Raghunathan (128) have studied the proton magnetic 
resonance of propane in its clathrate deuterate at 
temperatures down to about 80°K. Close to the melting 
point of the clathrate they suggest that the propane 
undergoes a motional transition from random tumbling to 
lattice diffusion, whilst below 160°K the propane 
reorients about its C, axis together with methyl group 
rotations. The second moments observed by these research- 
ers are higher than those observed by Davidson and 
co-workers for other clathrates and the differences may 

be due to reasons already mentioned (42, 142). 

Ethylene oxide deuterate has been studied by 
Afanac! ev ,skviavidze: and Malenkov, (127) down to.) Koand 
down to 2°K by Garg, Morris and Davidson (125) who also 
Studvecduines hydrate. down sO. about LOO Ke (125). athe 
results of the two research teams agree reasonably well 
but a narrow component observed by Afanas'ev above 200°K 
was not observed by Davidson,who suggests that this may 
have been caused by some liquid in Afanas'ev's sample. 
The second moment for ethylene oxide deuterate between 
230 and 270°K agrees well with that calculated for 
fanaa ts rotation of both guest and host. Between 130 


and 200°K the second moment increases slightly and Garg, 
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Morris and Davidson suggest that this must be caused by 
incomplete averaging of the intraguest contribution. 
Below 100°K the second moment rises Ssteadi lyeuntiilwac 
ADOUGES eK, el teattains thesriaqid Wattice value ealcorreen 
using the inter - CH, proton separation given by micro- 
WaVewSpeeLVroscopy (i443). Garg, Morris and Davidson, (l25) 
Suggest that there is great variability in the reorienta- 
tional freedom of ethylene oxide molecules in different 
cages, probably caused by the variable electrostatic 
fields of the orientationaly disordered water molecules 
of the cages. They have no evidence for different 
behaviour by the guest in different types of cages. 

Want ee Lave Di teractiOnme cuales, 

In ethylene oxide hydrate, at -25°C, McMullan and 
Jeffrey (81) found the four different O-O bond distances 
Oba O10 02s) 7 Oye eo ek tance 4 4 A EO, OCCtiagiIn Chemreatlo 
2:12:6:3 respectively. They also observed that there 


was Slight. distortion of the Structure 1 cages from the 


regular geometric “shapes.” Detailed refinement of the 
X-ray structure indicated hydrogen atoms in positions of 
two-fold disorder between each pair of oxygen atoms in 
the water framework. The tetrakaidecahedra were found 
COubemrulily occUpled.andether distribution on electron 
density of the ethylene oxide molecules within the cage 
was explained in terms of two equivalent, but mutually 


exclusive Orientations, as Shown in Figure 3, together 
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with two average positions which approximated the movement 
of the ethylene oxide molecule between the preferred sites. 
McMullan and Jeffrey concluded from their results that 
the ethylene oxide molecule in the tetrakaidecahedron 
behaves as a hindered” axial rotor, executing motion about 
Gesu -oOnd-and@aboul tts two -LOldmaxis, out vropduly 
not about the third orthogonal direction perpendicular 
to the plane of the molecule. Hence, they say that, 
during transitions between the two preferred orientations, 
the methylene groups would remain near the circular plane 
ous OA diameter and the oxygen een would further populate 
this plane of minimum potential energy at the expense of a 
position closer to the hexagonal faces. The dielectric 
Gera <a cLoOnmestuales= 70,600), Loe “2 o)", Muel lear magnerrc 
Lesonance=stcudres "(liye 257 127)"and calculations on 
the energy of different orientations in the tetrakai- 
decahedron (130) do not support these conclusions. 
McMullan and Jeffrey (81) were also able to conclude, 
from*their refinement of “the x-ray structure, thateZ0% 
of the pentagonal dodecahedra were occupied by molecules 
which were highly disordered. These were probably 
ethylene oxide molecules, but could possibly be an 
impurity guest molecule, freely rotating. In order’ to 
explain their density measurements they assumed that no 
air or other impurity had been incorporated into the 


sample and that all guest molecules were ethylene oxide. 
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Metntyre and Petersen) (83)© have carried! out x-ray 
studies on flash frozen solutions of ethylene oxide in 
water and have shown that the unit cell contracts on 
cooling and with decrease in ethylene oxide content. 

Their unit cell parameters are consistent with the value 
of 12-03a found by *McMul Vanvand’Jefrirey > for 6°4C,H,0.46H,0 
ate—25 °C 

1.6.5 Spectroscopic Measurements. 

One study by neutron spectroscopy (131) and five 
studies by infra-red spectroscopy (132 - 136) on the 
clathrate hydrates have been reported. 

Naumann and Safford (131) carried out inelastic 
neutron scattering experiments on ice I and sulphur 
dioxide hydrate at 248°K. No details of sample prepara- 
tion or characterization are reported but the spectra 
are similar. In both spectra there is a strong peak at 
Bed! 30cm ioe assignedstomtorsionalfoscrilatvons; andta 
broad maximum between 300 and 100cm™*. Below 100cm™+ 
there is a maximum in ice at 49cm™+ and in the sulphur 
dioxide hydrate at 69cm, ‘These differences are 
attributed (131) to small shifts in the low frequency 
lattice vibrations; caused by small ’*differences in O-O 
bond distances, or by changes in the weak dispersion 
forces which stabilize the polyhedral water lattice. 


Harvey, McCourt and Shurvell prepared samples for 


infra-red study (132) by condensing mixtures of sulphur 
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dioxide and water vapour on a cesium iodide window at 


78°K, and then annealing at 110°K. They assumed that 
the clathrate hydrate of sulphur dioxide was formed. 
Spectra of hydrogen sulphide and krypton hydrates were 
alsorpreported. -Recently Hardin sand Harvey.-(133). have 
reported that the probable phase studied, in each case, 
was an amorphous mixture of ice and guest, and not a 
clathrate hydrate. Hence none of the spectra will be 
discussed. Luck and Ditter (134) have published a 
spectrum of the first overtone OH stretching band, at 
about 5000cm -, elpicevyandsunchanracter1 zedesulphur 
dioxide hydrate and they report an upward shift of 70cm + 
for the hydrate. 

Studies by Chen (135) of aqueous suspensions of 
methyl chloride hydrate, prepared by passing methyl 
chloride through ice cooled water with stirring, indicated 
that the peaks due to the H,O vibrations were similar 
to those in ice. However, because of the presence of 
water in the samples studied, very little can be concluded 
about the shape or even the exact frequencies of the 
hydrate bands. 

Falk (136) has studied the infra-red spectra, over 
aelimtted range,ot Jtquidmand» solid trimetnylamine 
hydrate, (CH) ,N.10%H,0, and has concluded that the band 


profiles of the V_, (HDO) absorption oLedi Lutes HDOman 


liquid trimethylamine hydrate differ only slightly from 


B 


» Cine 


iis an pit aety 
7 _— eae ited Sitios. fo F289 e 
iy metnatud HEA DPA won. a ene ui 
avait (CL) yoused-Gae thie \lsagooR oe: 

| eopfitian 198k4 ah ,habOyee seco ol4al97g.469 spe ® 
S don Int .Fecty bn. apt be paeaato euadanine us 

a8 fitw assuage aid Jn ener t nt eetyrienh 
ebadébieuecdyed. iv tpiersie tute Sloe | 4 

4 bend, Eeifssvsse) WO srigaccyo 2ebet eae 
sufol as Sectitese Garont bes aah 30 ane pracn 

esti 16. 07k Caae ne tungeT Ved? bad einen oniant 


| A 
[) GaGle0uiene Busey) 16 (tl) cet, oA aie Ly) 
- 
Syitien Qiiawey ye b cee ety iene @ 
bosaoiiort \eaiasiah ate rengw heleos waa Aural 


Willits arhe way OLY wit o8 eit rem on? veda 
To. eparhetnr ents to Sefaotg . reveddt Oe nd mode on 
Behelow) ou ves Olitul yaw . Se Mie sud ange eft at dew 
ee) >. Setolawyatt soere ais neve 6 sqette os tye P 
' | seine sche hs q 
- : be) veatuege BONTEPTAL alo Solondy oud. ott), Aree 
da a sean cores biide ons neophs tesa ede | 
od 9 bobirtnde. nil’ here Op Maad of . —s at nailed 


pee pi amronde (Ont ys , 
ae ai 


a 


41. 
Siocon LLOUTd Water = =iewconc ces tiate tne caistrroution 


of hydrogen bond strengths has the same general form in 
the two media, and the absence of any features in the 
region expected for ice or solid hydrate indicates the 
absence of structurally well defined hydrate regions in 
Chem liguid wphase. His spectra or the WV ,, (HDO) bandgor 
ice and hydrate are very similar in frequency of maximum 
absorption, 2420em +, though the centre of gravity of 
the hydrate band is about idem > highnerethan that los 
1Centh,) anc) thevband as broader, Falk concludese that 
these results are consistent with the crystallographic 
ebsenvatLion of twelve es distincet OH groups, having noe 
distinct O-O bond lengths and two O-N bond distances. 
Hence, to date, no wide frequency range infra-red 
study of reliably characterized samples of clathrate 


hydrates has been published. 
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CHAPTER 2. ABSORPTION OF INFRA-RED RADTALTION BYP cOLIDS: 


In this chapter the absorption of infra-red radiation 
by the vibrations in solids is discussed. When a vibrat- 
ing system of N particles is treated theoretically using 
the harmonic approximation (144), the potential energy, V, 


is expressed as: 


3N-6 
2V = ee Ca Chix - 
jel 1j 1 79 
and the kinetic energy, T, is expressed as: 
3N-6 
20s il Kees Sear 
i alee a 


where qs and fhe are the displacement coordinates, qs and eh 
are their time derivatives, and fis and Di are constants 
BOG G1Ven Values OLf°1 and 9. A translormmation 1s then 


found, te the normal” coordinates, Qa, in which the potential 


energy is given by: 
3N-6 


2 


and the kinetic energy by: 

3N-6 

i=l 
where Q. denotes the time derivative of Qa, and d, is equal 
to an 9.7, where vy, is the classical vibration frequency. 
In terms of the normal coordinates the quantum mechanical 
treatment of the vibrating system reduces to a study of 


the simple harmonic oscillator. One simple harmonic 


Oscillator wave equation is obtained for each normal 
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4 
coordinate, and thus a set of wave functions, Wr, (Q.), 
a 
and of energies, Ey, equal to CVG + 2) hv, result. The 


total wave function of the system, Y, is given by: 
3N-6 


i=l a 
anoy ener total wenergy waa jeby: 
3N-6 
ewe Aon oe 
i= le 
Hence, in the harmonic approximation, the quantum mechanic- 
al treatment reduces to the consideration of each normal 
coordinate independently. 
The probability of a vibrational transition is related 
nae ee 
COmuLa4 tho transition moment. integra | Ved, av, where 
ph represents the dipole moment of the system, and the 


subscripts u and 1 denote upper and lower states, 


respectively. If the dipole moment is expressed as: 


3N-6 
f= i Ze a Q, 5 


then the only allowed transitions are those for which A 
Ree +1.” Further, for any such transitions to be allowed 
the transition moment integrand must be totally symmetric 
in the symmetry group of the system. Fundamental 
transitions occur between.the ground state of the system 
dndetouesstates in which justsecne Bs, equals one. The 
ground vibrational state is totally symmetric; therefore, 


the upper state wave function and the dipole moment must 


transform identically under all operations of the symmetry 
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GOroupelf£ the transition as to be allowed. The symmetry 

of the Nee aes 1 state wave function for a simple harmonic 
oscillator is identical to the symmetry of the normal 
coordinate. Thus, to discuss qualitatively the absorption 
of light by fundamental ttransitions one need not use 
quantum mechanics, but can use classical mechanics and can 
talky ol classical vibrations, whach are tinderstood to mean 
normal vibrations or normal coordinates. This approach 

is taken in the following discussion of the absorption of 
light by ordered and by disordered solids. The discussion 
is deliberately rather qualitative and general in order to 
emphasize the main points. Only fundamental absorption 

is discussed. More complicated absorption such as hot 
bands, transitions from states in which Me 1TSenoOt Zero, 


combination bands and overtones are neglected (145). 


20. Ordered Solids 

Infra-red radiation consists of electromagnetic 
waves which can be regarded as mutually orthogonal electric 
andslaguetic fields, both or which are perpendicalersto 
the direction of propagation of the light wave. 
Mathematically the electric field, E, ata point along the 
G@irectvenvor propagation acea Glstances! Grom thesorlgin, 
andeateaetime,t, iS given by: 


E = BE, cos(2NK.1 - amet +). 


ce 


K is the wave vector of the light, defined as having the 
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45. 
direction of the light propagation and having magnitude 


equal to the reciprocal of the wave-length of (the light, 
PES RENe requencyeOre t Nem 1c ty, and d VSP arbi wiseacy . 
Vibrations in ordered crystals can also be regarded as 


woves swhiOse di sSpilaceien teh at sehospOim ty site ere cryactal 


J 
SHE (ENING ES! akidere isyAc 


Wierewieense tEneawaVvie: VCCtOn OL tion yo rat 1 Ol, leslie sele 
Mrequency Ob Che vibration ando 1c arbitrary. mine 
change, Al, 7 in the clpole moment at point: Y, acsociated 
Wlen thnvs vVibratron 2S Given Dy: 


Ay = Me COs JCKeilee. 2 agent) ony 


Wlekeree) Ny. ib AE ae eNele! 9 have been defined above. 

The total interaction energy between the radiation 
and, dipole moment Changes, over the entire crystal), W, is 
given by: 


W=EM= 


Eo fo 2, bcos (271K. 


‘ Seo the De ecosiayl il ects lye 


i 


Since ® and @ are arbitrary constants which take account 
Otvthe piace angle of theswave at time © — 0 and pecition 
1 = 0 we may define 9 as zero and regard ® as being 
determined relative to it. After rearrangement the 


equation becomes: 
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Waser My & & [298# f cosamta. (x + Ko) raee (ebectes tes) aI 
HCOS2IN [sd Ke mak) eine Paha £") i} 
~ 8108 Se inam[1. (kK +k) - tle + £1)] 


+ sin2M[1.(K - k) - t(f - coh]. 


For the sum over all “values of 1 tosbe non-zero, either 

K = k or K = -k; expressing it another way, the two 

waves must be collinear and have the same wavelength. 
Simivaclye. Vi che sum over alisvalues OL tis to be non. 
ZOD pMcCUeh wie bts GhNemSOLUCLONS 66 sot p= Orme este, 

and Ke = k= 0 also exist’ but) have no»physical signitzcance. 


For maximum interaction, the two waves should be in phase, 


ep = 
that is to say @=0 and Eos : JEd|2.9| ee negsebectren 


rule for fundamental infra-red absorption is therefore: 

the wave vector of the light must equal the wave vector 

of the vibration or its negative, and the frequencies of 
the two vibrations must equal one another. 

Infra-red radiation has wavelengths between 
about 2 x 10°4cm and 107+cm whereas the dimensions of 
MOStmUnt te Ccelis Are vOu tne Olde oO: 107 /cm. Hence the 
infra-red active vibrations have wavelengths of at least 
one thousand unit cell lengths. For crystals in which 
there are only short range forces, extending over a few 
unit cells, the frequency of a vibration with a wave- 
Tengti or the order of 107 tem is essentially the same as 


the frequency of a vibration of infinite wavelength. 
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47. 
Therefore the selection. rule.for infra-red. absorption 


by such crystals effectively reduces to the statement: 
only zero wave vector vibrations can absorb infra-red 
Jegoeethroughafundamentailetransitionszes dnecrystals 
where there are long range interactions extending over 
many unit cells, the preceeding simplification does not 
applivyealthough iteissstilisayvery) useful first 
Appeeximatton.geStrictly, this limitation, applicsyto any 
infra-red active vibration since the dipole moment change 
associated with the vibration causes long range inter- 
aceionseingthe erystal.welnppractice etfects duesgtomthis 
have only been observed for very strongly absorbing 
vibrations (146). 

Whenethe approximation, k i= 50, isjused7 atesis 
unnecessary to study the entire space group to predict 
the infra-red activity o£ the crystalevibrations. instead 
the unit cell group (147) is used to determine the 
representation formed by the vibrations and hence their 
infra-red activity. This procedure is often, rather 
misleadingly, referred to as factor group analysis and 
this term andathe  termetacton: groupmallowedstransitions, 
age monwidedy usedethatetheyiwiilebcsadopted@eingthis 
thesis vs Thesfactor grotipaallowed vibratzonssave the only 
ones which yield fundamental transitions observable in 
the Wnt rasredsspecteLumyoreansorderedesomicdeebuuEovercone 


andecombination vibrations, which do not obey the 
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48. 
selection rule k = 0, are also observed, usually as broad 
absorptions. Hence,although about 16-8 vibrations exist 
per mole of molecules, the number of fundamental infra-red 
absorperongbandstis#ofethnesordersot thesnumberhotsatomseain 
thegunitecel ls. Morendetaitledsdiscussions of thevabsorption 
OLBrtniraesnred Vightexbywordered crystals and of fLactorUgroup 
analysis can be found in many textbooks, reviews, and 
papers, (#47 =7152)% 

The spectra of many ordered non hydrogen bonded solids 
have been, successfully interpreted using factor group 
analyses, but the degree of success is much less for 
hydrogen bonded solids. The most extensive infra-red 
studies of a non hydrogen bonded, ordered molecular 
crystal are those on benzene (153 - 163). The space group 
of solid benzene is Pbca, Dae, and there are four molecules 
peu unite acel |] jrakleonacentresdotemversrong (159) ayyhactor 
group analysis of the translational and rotational 
displacements of the molecules predicts that six 
translational vibrations but no rotational vibrations are 
infra-red active. The observed spectra vary considerably 
im detail (156, 160, 161, 168) “and Haradawand sShimanouchi 
(163) have discussed the results of all these studies 
and have shown that at least five distinct bands are 
observed at 100°K. 

Factor group analysis of the intramolecular 


vibrations of solid benzene predicts that each of the 
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Pitcecn ungerade Vibrations, or the 1solated molecule, 164 
split into one infra-red inactive and three infra-red 
active vibrations. Hence each molecular E mode yields 
Six infra-red active crystal modes. Absorption by these 
factor group components is observed for some molecular 
“Late the Any OUtHOL golanewcH 


vibration of the isolated molecule causes bands at 706°62, 


vibrations. For example, Vv 


Golo, and AUIS Teh in the spectrum of the solid (154). 
However in many cases the band separation is so small that 
they are not resolvable and hence fewer absorptions are 
actually observed than are predicted. Factor group 
analysis predicts the symmetry species of the components 
of each molecular vibration as Aw Baal Bout Baur where 
the AL component is infra-red inactive. The transition 

eo > keel 13) factor group components 


HGR BEG 3u 


are mutually orthogonal, and directed along the crystal 


moments for the B 


axes. Hence studies of single crystals using polarized 
infra-red radiation can identify the three components. 
For example, Marzocchi, Bonadeo, and Taddei (162) have 


shown that the B component of the Yai band absorbs at 


u 


P| 


Whilst the Boa and Bay components absorb at 
Jk 


682 and 68lcm ~~. 


707°3cm~ 


inethis way, factored: oupsalalysiceCaneoeeuscdm co 
interpret the spectra of ordered non hydrogen bonded 
solids. It can also be used to interpret some features 


of the spectra of ordered hydrogen bonded solids, but 
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a0 
absorptions by vibrations of hydrogen bonded hydrogen atoms 


do not obey the factor group selection rules. To 
illustrate this point, thesspectra of the ordered ices and 
of methanol will be discussed. 

Aaray sand Meueronsdi tar action Studies tor the Various 
phases of 1ce Nave sshown that ice IIT (164 -— 169), ice VIII 
CEO IanO Ce ti XxX Gl GAA es 69% aL Ose) b/s) 172k ind cates 
that in these references ice IX is called ice III, see page 
52) have ordered structures in which the positions of both 
the oxygen and hydrogen atoms in different unit cells are 
SViiMeoebyereLitcodo liom ratolatlonaim LarlicemyiLoratirons 
in the ices are generally observed below 400cm +, in the 
far infra-red region (173), whereas above this frequency, 
an the mid-infra-red region, absorptions due to the 
Vocational lactice Vibrations sandwintramnolecularsy a brations 
aresopserved, (174). )the far intra—ned tspcctravor vice Gil 
and ice IX have been studied by Bertie, Labbe and Whalley 
(175) and both show sharp lines, most of which are five 
to ten wavenumbers in halfwidth. A factor group analysis 
of the translational vibrations of ice II, space group R3, 
cae predicts that five AL and five E, VibratLonsmshould 
be infra-red active under the point group Seu Giving a 
toctalsoteten bands. |Thestarvintraqred, spectrums (175) 
shows either nine peaks and shoulders, or ten features, if 
thesarop—oL. below 100cem ? is regarded as a weak shoulder. 
Factor group analysis of the translational vibrations of 


4 : . 
ice IX, space group P452,2 r Das predicts twelve infra- 
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Trec=actave bands}. tour Aw and e1ght Ey -under™ the. point 


2 
group Dy. Tne cthetlarginiva-reds Spectrum ey 5)a,only songnt 
absorption maxima are observed. However, at least three 
of the bands” have haltwidtns of about acne; compared 
with 4 to oem t forthe other bands; "and it is probable 
that twowor more vibrations contribute to tnese proader 
bands. 

Hencer the far’ anfra—-red spectra’ or the-ordereds ices, 
due to absorption by translational lattice vibrations, can 
be ~understood=in™ terms of @nira-red active tactor group 
allowed transitions. Alternatively a sharp lined spectrum 
duc ™tO absorption by” trans lavional Lattice vibratvons eis 
evidence of an ordered solid. 

The rotational vibrations of the water molecules in 
the ices occur between 400 and ikevyerenn and**Leadeto-an 
absorption referred to as the Ve band ®@1765 Fl 7). Ptin <1: ce 
II fifteen sharp features have been observed in this 
region for the H,O ice and ten for the D,0 ice but they 
are superimposed on an intense broad absorption (177). 
Tirewentice band SnNOoWs al 2sOotope Shnitt Of abouts le 559 
and clearly most of the features arise from rotational 
vibrations. The sharp features have halfwidths comparable 
to those seen for translational modes (177). The broad 
peak is apparently associated with the hydrogen bonded 


protonemotions. =A ‘factor group analysis OG echemrotational 


modes= shows that the Ehirty—-six Zero wave Vector 
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rotational vibrations form the representation Te + 6A, + 


oe + 6E under the S¢ DOMNeeGroUDp. alhesaix AY and six 

EL bands are infra-red active and Bertie and Whalley 
concluded that presumably the stronger and sharper 

features of Ve abe associated with these factor group 
aPloweds thancit1ons (175). steven sharp features, 
Superimposed on a broad absorption, were observed in the Vp 
band of ice IX (177, in this reference ice IX was again 
Called=ice Ill). A= factor group vanalys’s or ches rotational 
lattice vibrations of ice IX shows that they form the 
representation 4A, 48 SA, fe 4B, ce 5B, ar 9E under the point 
group Das The five A. and nine E vibrations are infra-red 
active. Bertie and Whalley stated that clearly most of 

the eleven sharp features are to be distributed amongst 

the fourteen expected fundamentals. The broad band can, 
once again, only be attributed to the motions of the 
hydrogen bonded hydrogen atoms. 

At the time that these spectroscopic studies were 
carried out, it was not known that ices II and IX were 
ordered. The existence of order in the hydrogen atom 
positions extending over at least a few unit cells was 
first predicted because these sharp vy, absorption features 
decrease in intensity when a few percent of deuterium is 
introduced into the lattice to create disorder (177). The 
Ordersinelce ll 1s now establisnedtas asresuLLsoL 


dielectric relaxation (137), X-ray diffraction (165, 169) 


and neutron diffraction (167, 168) studies. The early work 
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SA 
ongice Xe (64, 169-1, 177) was peperted as being on 


ice III. However, Whalley, using dielectric relaxation 
techniques, observed a change from a disordered to an 
ordered phase as ice III was cooled, and named the low 
temperature vorderec. form, 1ceelxX.(1/8) aa The existence 
of order in ice IX has also been shown by neutron 
GMWigiicac ce rome (ly) 2) 9S tudes. 

fhe. ineramoleculam absorptions in the ices occur at 
about 1600 and eoeleein and have been assigned (176, 177) 
toethe i-O-H angle sderormativonwand the sOH estretching 
vibrations respectively. These bands are several hundred 
wavenumbers in halfwidth, are rather featureless, and are 
clearly not explainable by factor group analysis, even in 
the ordered forms of ice. The vibrations primarily 
involve motion of a hydrogen bonded hydrogen atom. The 
reason for the extreme breadth is not clearly understood 
GlLiG)Je DUG ts) detinitely srelatedstoe thewibrational 
coupling between molecules. 

Themspectra Ol tnesO-lHeand (O=Dustrel ching miodosnoL 
the ices can be observed in the absence of this inter- 
MOleculane coup ling tby estucdyind, bato seu sO lucicnsso. H,O 
in D,0 SEEVUCe CRS a.m bile.c D0 the absorption by the 
O-H stretching mode of HDO, Voy (HDO) , can be studied, 


Whi) wel ig 0 5 ee O Y 5p (HDO) can be readily seen. These 


2 
modes are often referred to as the isolated OH or OD 


stretching modes because, for example, each OH bond is 
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54. 
isolated from other OH bonds by the OD bonds of the 


solvent. tThetspectravo£ 1cerlivshow four Yop (HPO) and 
three Voy (HBO) peaks (177). The peak frequencies, 2493, 
2481, 2460 and 2455 for ey ltrteled) cantbesreliatedutoumthe 
ebsenved O-O) bondi feng thsroca2 8447522803, e820/8ieand 
2-768A aoeLOGgK Glo Chae 7) eee oe pletmormpeakmucequencies 
against) O-O bond: lengths is linear with a slope of 
ploemma yz at 2-80A (hostel si). Bihedtwotoeaks aca2460 and 
weaken are well resolved and, hence, their halfwidths 
must be less than sem +, which is nearly forty times 
sharper than the Yop (D509) absorption and clearly 
illustrates the effect of intermolecular coupling. 
Simi~larcvdptferences! were observed (177) between Vox (HDO) 
and Voy (59) - 

There are peaks at 2461 and Dshene — due to Wp (HDO) 
ines sSpectoumeOleicenmiKuatly /)mm Xcrayeandsneutcon 
gpefcacteronestudieseomi cesixe (liv -l72)s shows thatiithe 
Senue tunescontainseOsOnbondrdrstancesto lm 2ns0GRmace os 
and 2+ 747A in the watiorsc3s2. sf che welghtea meansor 
the ctwomsnorcer bond Jendthiseisceplottedsagainse he 
frequency, 2450cm +, GhespOintalesmOoneehes linegtonesice 
Gleb LmbnesesccondBpolntsaoesanolo 71) .eNevenuneless 
the Yop (HPO) bands are at least twenty times sharper 
than those due to Yop (29) » and similar comments apply 
EOstheahalswidthssofLgthe Wy (DO) compared with the 
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Thus, while the absorption by the intramolecular 


modes of the H,0 and D0 ices cannot be completely 
understood, useful information can be obtained from the 
Voy (HDO) and Yop (HBO) bands;observed inedi lute visotopic 
samples. fuelThis sintormationecanvpredicteor iconturm forder 
LD) annyicerphaseeand §can Vorten ,indicates the mumben, of 
different O-O bond distances present. 

The infra-red spectra of solid methanol and 
methanol-d, have been studied by Falk and Whalley (179) 
and by Dempster and Zerbi (180). Two solid forms exist, 
both of which contain hydrogen bonded chains of methanol 
molecules (181). The spectra contain broad absorptions 
due to vibrations which primarily involve motion of the 
hydrogen bonded hydrogen atoms, and sharp absorptions by 
those vibrations which do not primarily aalephiy= these 
atoms. The sharp absorptions can be discussed in terms 
OmeraccOnegcOup allowed gtranci tions, DULY Cleéariyvethe 
broad absorptions can not be explained in the same way 
(578.0 Js. 

Hence, hydrogen bonded ordered solids show sharp 
absorptions due to translational lattice vibrations 
which can be related to factor group allowed transitions. 
Miemapsorptlons aque: tO LOtatilone melacti ce vibrations 
are broad with sharp Superimposed features; the wsnarp 
features can be assigned to factor group allowed 


transitions, but the broad band can only be assigned to 
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effects of the hydrogen bonded hydrogen atom. Intra- 
molecular absorptions are broad if they are caused by 
vibrations which mainly involve the motion of hydrogen 
bonded hydrogen atoms, but otherwise they are sharp 
and can be related to factor group allowed transitions. 
By Contrast, the absorptions in non hydrogen bonded 
ordered solids are sharp and can be interpreted using 


PaAcroue Group analysis. 


OF ees Oradered SOLS. 


X-ray and neutron diffraction studies have shown 


S10 


Clie earl Ccoml Ae 0G 4 eho Orme Oca Og) per Comic G69 5 leo mr oo) ty 


els: TAL ILS (ARSON nshorey WA ONG CN) Neier | ANNE Rr Gikele Wane cee 
Lge OS) sand wee, Vill (169.197) — 104) contain 
orientationally disordered water molecules, whose 
arrangements are subject to the Bernal - Fowler rules. 
ices V¥ (166, 169) and Vi (195) are partially ordered, 
while the other phases are believed to be totally 
disordered, apart from short range correlation seffects. 
All sof these ice phasesghave tar infra-red spectra 
WhicimaresbrOad,11n Contrast, COstneushabpe I Inetspectra 
of the ordered ices, thus characterizing the phases as 
being disordered. 

These spectral differences between the ordered and 
discrdered 1ces led Bertie and Whalley (196) to propose 
a theory for the absorption by translational vibrations 


of orientationally disordered crystals, in which the 
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molecules are situated on, or very close to, regular 


lattice sites, and are oriented randomly. The potential 
field opposing translation of the molecules clearly 

shows approximate translational symmetry, otherwise the 
molecu lesswould.notebewon, ob near to, lattice sites. 
Hence the stransiataonal vibrations in these crystals 

can be called mechanically regular and can be described 
by the same wave notation as for ordered crystals (section 
2c eA OSOLDt LOS Ore neta reds lgqhte by SuCh  vabrLationse 
is due to changes in the dipole moments during trans- 
lational displacements of the molecules. The dipole 
moment can be regarded as containing two parts, the 
permanent dipole moment, and the dipole moment induced 

in the molecule by the surrounding molecules. It is only 
this induced part of the dipole moment that changes 
duringga: transtational, Pattice vrbration. Because the 
orientation of a molecule on one site in a given unit cell 
is randomly related to the orientations of molecules on 
thessemessite in other unit. ceils, the principal 
polarizability axes are also disordered from one cell to 
the next, and hence the induced dipole moments are 
disordered. Further, the changes in the induced dipole 
moments cCuLing a. translational vibration aresdrsordered. 
Thus the translational vibrations can be termed electric- 
ally irregular. A simple visual understanding of this 


point can be obtained by considering the dipole moment 
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change associated with the stretching of an O-H-:+:O bond 


compared with that for the stretching of an O°°+H-O bond. 
The dipole moment changes will be opposite in the two 
cases. In an orientationally disordered ice phase, 
equivalent sbonds ineditterent unit cells=are essentially 
fandom y (O-H--S@ oreOg><:H-O ponds, “and hancesthe dipole 
MOMenE Changes ane tenegqular. [tes -importantetoO note, 
however, that the theory is not limited to the assumption 
that all of the dipole moment change is associated with 
thewindivadtal hvdrogen bonds y (196); 

The change, My), in the induced dipole moment at a 
DOInte an an OLVentaltonally crsordqercdsctrystal, dunging 
devil Draelon Olmwave vector kK” “and” frequency £71 sagiven 
bys 

My= Ko POS (ANE tk Ne se1s)) 
where A. aS proporlLronaleto the dipole momenta derivative 
Wikttuinerespect CO tLanslation Of aemolecule. os can be 
expressed mathematically as the sum of an average part, 
filet where the average is over equivalent molecules and 
displacements in all unit cells, and a random part, My 


WHECI iS sdepcnaenc Ol elec pOsi lon) Inesune tcry stall. 


Hence: 
= sy lla Bn NE Le se : 
jy (Mary + Mey) eos (Nike i 8) 
The interaction energy between the crystal vibration and 
the infra-red light wave is only non-zero when summed 


over time if the frequencies of the two waves are the 
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59. 
Samiee (section 2.1). shurther, for maximum interaction, tne 


phase angle between the two waves must again be zero. 
Making use of these relationships, the spatial dependence 
OfetChe Interaction energy WwW, may be expressed, by analogy 
Withethe equation Lor ordered crystals, sas: 
W = eee COank pl) s. ScOostZiin) 
pee 2 hae Gos (Jie Dy cos (2) hel)e. 

sUNsy Meese celeherip le) Velsysiieleleysisy (evel ieleyshs suene <eyaslewalai! (oheydsues\lhe 
and is only non-zero if K = k, whilst the second term has 
the most probable value of zero, since Ay is random with 
GESDeECtNLO pOsitaon 1, Over which Lt i1s=simmed. 

Pies totalwintensity Of absonption 1, eis proportional 
LO we, the square of the interaction energy. The square 
CEBele wi est Sule ne ehe equation 1s @4ero sun less kesh, 
yielding the same selection rules from the average part 
of the dipole moment derivative as for ordered crystals. 
LiismslaroeaoSOrplLiOnssaue to didi raceL On eLactOmsg Loup 
allowed transitions may be observed. Cross-terms between 
terms in the first sum and those ian the™=second sum add 
to a most probable value of zero, sbecause of the random 
nature of Mh with respectyto 1. The square om the second 
sum contains two types of terms, those involving M,) Miz 
which sum to zero because of the randomness inM57 and 
those in | Ata |° which sum to a finite term for all values 
O£ the wave vector k. This COnGrT bution, 2). .cO. ule 


intensity from the irregular part of the dipole moment 
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60. 
derivative is given by: 


; 2 2 pee ? 
T' = Ey. 2M COs aC ZUG be eCOSMmCcTUcs)r, 


and no selection rules for k exist since the summation 
OVE. PEs enon “Zero =for sale values or Kin Pence, because 
ObFthe orrentational-dysorder of the molecules in’ the 
crystal, "all ‘vibrations@are, imme prernci ple, -inmtra—rea 
active. 

A very simplified analysis, using only one force 
constant and one dipole moment derivative has shown that 
thesabsorption, intensityercor this*mode bis Moroportional to 
can the square of the vibration frequency (196). Hence 
the resultant spectrum is expected to depend on the number 
of translational vibrations at each frequency, the density 
Ob States; multiplied by “the square rf the frequency. * 
However, in the ices the molecular orientations are not 
completely random and recent work has attempted to allow 
form this short range correlation (197>)*. 

The far “inira-red spectraVot “ice™ihnwand Te %(1loer 199) 
are identical within experimental error and consist of a 
broad band stretching from 360eme™ dow *co sat least i7em>~ 
with a maximum at 229-2em~; and other features which may 
be déscribed as shoulders, dips and points of inflexion. 
Thewspecerum of ice lc hasmbeen@incerpreceds (193) =using 
the density of states of diamond, which has the same 


erystal structure as the oxygen atoms of ice ic! Wihils 


interpretation failed to explain the features above 
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240cm which were attributed to the influence of long 


Langer rOrces ." NO=rtactor oroup 21 towed transl acioenal 
lactbuce "vibrations “aneweither predicted oreobserved. Ice 
th is presumed, because of its spectral similarity to ice 
te, “cto -have a similar .density of “states. 

Of the other ice phases containing orientationally 
disordered water molecules, only ices V and VI have been 
Scucread by #Inera—-red "speeeroscopy: (l/s) 200). = sbouh have 
broad and relatively featureless far infra-red spectra 
with maxima at 200 and 187cm + respectively. The 
absorption ts, again, -duewto translational vibrations 
and is often referred to as the ve absorption. The 
interpretation of the broad absorption is believed to 
follow Ehateor Ene=spectra "of eirce iL) =bue-unrortunately 
the frequency/wavevector dispersion curves, and the 
density of states curves are not known for these phases 
and hence a detailed interpretation is impossible. 

In ice V sharp features are observed at 146, 126 


: and these were originally assigned to some of 


and 95cm 
Gnewdwerraction factor group allowed™transi ticns (i775); 
Banee that time” ice V has’ been shown “to ‘be=partrally 
ordered (166, 169) “and ™Solinas (201) has suggested that 
the sharp lines in the spectra sappear sbecalsemot™ this 
partial order. Ice VI does not show any such sharp 


lines (200), and it has recently also been shown to be 


partially ordered (195). The significance of this result 
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cannot be evaluated until the detailed structure is 


available, Hexamethylenetetramine hydrate is also 
Darel yeordercdy(1 6) Reand!: itsetardgintra-redy spectrum 
mainly consists! of sharp line absorptions, the number 
of features agreeing with that predicted from the 
drPeeractioOnglactornsGgrouppeanalysi sui 200) .amThus wteseeme 
clearwthatn thesfar aniza-redy spectrums Vsesensitiver to 
pantwralgorder malthougnga tis mot clearayustehow 
sensitive it is. 

The absorption bands associated with the rotational 


lattice vibrations, ¥ Occur Gn the T+reqionsso0mto donc 


R! 
LOGETCeselhy (icsnV, ana Vinwaend@are almosteficatunmiless 
except for a few shoulders. Similarly, the bands due 
to the intramolecular vibrations in these ices are also 
broad and featurless. These bands are not understood in 
detail but presumably the factors, such as intermolecular 
couplang, that account wor the wDroad absorptions inmethe 
ordered ices also contribute to the broadening of these 
bands. Further, the complete absence of symmetry 
Selection Gules for enewrotational, and intramolecular 
vibrations allows all vibrations to be infra-red active 
in the disordered phases. 

Thewsolatedq OD stretching vibrations, Vop (HDO) , in 
TCecmihn yale) Virand, VimoCcUnea Ge 74 lO; 24) Gy 2d Oewoll lid 
ene dara: s 2495, and) 2464uwitw a shoaldersatioso0cms a 


respectively. The approximate halfwidths of these 
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absOouptions are#205 20; 80 rand 70 cm + respectively 


(176, 177, 200, 203), and hence the bands are broader 
than the resolved bands of the ‘ordered ices. Tinmtice I 
only voneronystal lographie#0=0 bond.distance, exists 'CbLe2) ; 
and =ctheehaliwidtheot 20cm 7+ has been interpreted (176) as 
arising from the small*irregular variations in the 0-0 
bond lengths which exist because the oxygen atoms are 
elose to, bub not necessarily ton) “the Wattice sites: 
Thus, it is evident that the spectra of ordered 
and disordered ices are considerably different. The far 
infra-red absorptions, caused by the translational 
lattice vibrations, the presence or absence of features 
on the bandweand «the breadth of the Vy (HDO) and 
¥..(HDO) bands in dilute isotopic samples, all indicate 


OD 


whether the phase is ordered or disordered. 


2.3 Objectives of this Work. 

(4) To seek further information on the factors 
effecting the absorptions by water molecules in solids 
formed from hydrogen bonded water. 

Ethylene oxide hydrate is known to have a disordered 
Water lattice and there is no indication that the hydrogen 
atoms of the water molecules are’ partially ordered except 
for short range correlations (section 1.6). The factors 
effecting the shapes and breadths of the absorptions in 
tiemicesyeexcept, for the Vi absorption, are not well 


understood (sections 2.1 and 2.2). No successful 


Ufiee inane es Ot Baac! 105 


ety Ae eee y 
on ll dil diving sit sane 7 


> T vial AL: 480! Bogaert fu ne rand 


y ’ 
a - : ay _ i Onin Pe pis 
, (haa) aved i d eles © aval i) a, ry MA 
a 
- pe _ : 
} iL , q he 
boot \ it Pr } ! J a a 
i bw.t) j r rt - a2 i } ‘es 


7 


| oe 
Geet) of) HFRS pevy Lads 0 ana ont ‘rs Reke rxe 


° / 
{ 
: Lite) a4 7 ' og A+ et a 
7 
,4e,9 7 4 : rf bo pal IB hez 


Ey 
hae (OGM) oF sud Be Hage Tel wy nae mi bys has 


m 1 ne 
j ai ite .adlqume obeys. ET ime ay iebeet ai 7 
- i.) oe O¢ « i 
vo j 
7th £2 Bos iy { Paty Gi 
m4ant. | mit som JH Lagan 
Pe tm be ed u o/bs97 Pi ie 
rr : 
tn Jas asd a be Pa ae S| wot H 9) \ rie Li fA ‘ 7 
7 oP | 7 - 
7 on : Das 
re pa ibd ity weit: ine Gnethiis on, 2 sre +9: 
| _ : = 7 
a « p = 5 " : » ¥. 7 
ee: —_ sa] 2, abe aad 2G. Sse. wo acre O 7 4 


=) 
vA A Bs ad 


bs ee adie 
_ 


- 


soa Say ¥ ae hae)! ~ 


, - 
pK f ¥ " ee to, 


t. xi 


64. 
theoretical’ treatment "of these absorptions has been 


made and hence the spectrum of the hydrate may provide 
mOErcschpiricalsinformativoneon the? structural factors 
which influence these absorptions. The aa absorptions 
haves beensinterpreted an terms of the density of states 
curves, buts becausesthesewarernot’ known for most of the 
Tees), Nem niduencesorecnemerystalse structure on Ene far 
inirasredvyspectrumeis not unders tood@in-detait.. Again 
the spectrum of the hydrate may provide further empirical 
INfCimMa tron, Onachtsmooint. 

(ite) ako. est ae predictions ToL they theory of 
avsOepevonabywesens lacionals vibrations neorlentarrona ty. 
disordered crystals. 

The theory oLvabsorption by translationalVilattice 
vibrations in disordered crystal predicts that factor 
group allowed transitions may be observed (section 2.2). 
So far no factor group allowed transitions have been 
predicted or observed in a totally disordered ice. Factor 
grouUpvallowed@transitions®are predicted —-forMeuhytene oxide 
Nydratem@anamit USsOL Antereststoesecevur = theyeare Opsenved: 

(iii) To determine the vibrational frequencies of 
the guest molecules in the hydrate. 

The ethylene oxide guest molecules are known to be 
rotating extremely rapidly in well defined spatial 
heguons (section 1.6), andeitvis Of Minceres: »-ogcompanre 


their absorption frequencies with those of ethylene oxide 
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tei -enent phases ang, tomobserve the influence of the 


rotation upon the absorption. No previous infra-red 
studies have been carried out over a wide frequency 
range ona characterized sample of a clathrate hydrate 
(Se@cGe1 One. 6175) 

(iv) To seek evidence of different behaviour by 
guest molecules in different cages. 

No evidence, other than X-ray data, for different 
behaviour by molecules in different cages has been found. 
In addition, calculations have shown that the local 
fields within ae eo redt cages may vary according to 
the orientations of the lattice water molecules (section 
reo) ee 

(v) To seek evidence of well defined orientations 
within a cage. 

The X-ray studies were interpreted in terms of two 
preferred orientations of the guests within the 
tetrakaidecahedra, but no other evidence has been found 
to support their existence, and calculations have 


incdteatea. that Other Ortentaltons sshoul debe equally 


probable (section 1.6). 
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CHAPTER 3. EXPERIMENTAL TECHNIQUES. 


Sel eeChemi calls. 

Methyl chloride, Matheson 99:5%, was condensed 
directly from the tank into a cold trap attached to the 
vacuum line... Tt was) then) distilled three timesstrom a 
methanol, Solid carbon) di oxideybath wteaboutm=70cC before 
beingatransierred. to asta ver itress toragestleask.unine 
infra-red -spectrum of the gas was compared with a published 
spectrum (204) and revealed no impurities. After each 
sample preparation the residual methyl chloride was 
distilled from -70°C to remove water. 

Ethylene oxide, Matheson 99°7%, was either used 
directly from the tank or was transferred to the vacuum 
line in the same way as was the methyl chloride. In the 
VACUUM Jane it was) triply distilled from ay bathvace —40 € 
before LEGS Sere in abiive litre £lask.. Thesanira—-red 
spectrum of the gas was compared with that observed by 
Potts (205) and no impurities were detected, except that 
water vapour was present if the sample had been rapidly 
distilled. Attempts were made to use anhydrous calcium 
Chioriae, and other solid “drying agencs;, soUte these 
generally adsorbed considerable amounts of the ethylene 
oxide. Therefore, water vapour was removed by distilling 
Garenuliyetrvom a bath at) —40 Clover a period 7oLeseveral 


hours. 


Water, from the laboratory distilled water supply, 
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Od 
was either used directly or was placed in a flask on the 


vacuum line, ecarelully siroOaen lo dtr leasts-40 Cp, and tia 
air pumped off. The sample was then melted, to release 

any dissolved gas, refrozen and the gas again pumped off. 
This degassing procedure Was repeated twice. 99°7% D,0, 
was purchased from Columbia Organic Chemicals Company. It 
was found, by R. Swindlehurst using nuclear magnetic 
resonance, techniques, to contain, not more than» = atom 2 of 
H. It was always kept in stoppered glass bottles and hand- 
led in syringes and other glass equipment which had been 
pre-flushed with Do0. Isotopic exchange with water vapour 
was minimized by avoiding transference through the air. 

The heavy water was degassed in the same way as the distil- 
LeQawacery, Duc) thiost, DO was left in the vacuum. line for 


several days to exchange with any labile hydrogen present. 


S320" Hydrate Preparation: 
Se27L eMethyl Chior dehydrate. 

Attempts were made to prepare methyl chloride hydrate 
by keeping about 6cm? of distilled water in contact with 
Sin Gres on methyd? chlorrcemat about 6508 Ternmandi2 Cc: 

The reaction vessel was a large bulb attached, via a 
joint’ lubricated with silicone grease, to a tube into 
which the degassed water was distilled. Sufficient triply 
distilled methyl chloride was then condensed into the 
bulb to give a pressure of about 650mm of mercury at 


room temperature. Then, either the apparatus was placed 
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in a Erefrigeratorsat about)2°C, or’ the tube was cooled in 


apuMinitreezert sto 1 1+m0 y3ocr 

After a few days a crystalline layer usually formed 
at the water/methyl chloride interface but sometimes 
crystallization had to be promoted by shaking the 
apparatus. The solid layer was broken up by gently 
tapping the tube, to renew the water/gas interface. When 
no visible liquid remained, the excess methyl chloride 
was rapidly pumped off, and the tube was immediately 
KnemovedRanducooled sins Liquidenitrogen, tofprevent 
decomposition. 

SaZzu2ecechy lenesOxidenhHydrate: 

Three early ethylene oxide hydrate samples were 
prepared by the technique used for methyl chloride 
hydrate. All subsequent samples were prepared by methods 
tecrOlerwatlis based ontthe workeortawurtzginelseosan4Gi 

CE) MeAbout Som? of distilled water of the desired 
isotopic composition were placed in a flask, which was 
then fitted with an inlet tube reaching to the bottom, 
and an outlet tube at the top. Ethylene oxide was bubbled 
from a tank through theawatenston ebouces0eminnves. Waiie 
flaskewas stoppéeredvand placedvin*® a -coldsroom atest Ze 
and left to crystallize. When crystallization was 
complete the crystals were removed and quickly wiped free 


of mother liquor, and transferred to a convenient storage 


vessel cooled in liquid nitrogen. 
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of ethylene oxide were condensed 
LrLOm ae lank tint osamt lasintsimi bari to, thevcnesprevi ous Ly 
described, which contained Bene SE (distibledtwatern and 
which was cooled in an ice/salt bath. The flask, whose 
contents were still liquid, was then stoppered and left 
ipebhe rs OGaroonnuntskworysta bili zation iwaswecome letewmethe 
esystalss;were then recovered andfstored in liquid enitrogen. 
(3) Sem> of distilled water, of the desired isotopic 
composition, were syringed into a preweighed flask and 
thoroughly outgassed on a vacuum line. The closed and 
evacuated flask was again weighed to determine the 
Guana ywiio hewaten,) andseclien! tapoly dre led ethylene 
oxide was condensed into the flask at about 50cm of 
mercury pressure and 1°C. Sufficient ethylene oxide 
was condensed to give a 12 to 13 mole percent solution of 
ethylene oxide in water. After warming until any solid 
present had melted, the flask was again weighed to 
determine the amount of ethylene oxide added. The flask 
was kept sealed, to prevent air entering or ethylene oxide 
leaving, dandtputtin theses: Cercemtoterystalla ze: 
Occasionally, after several weeks in the cold room without 
the formation of crystals, a brief cooling of the vessel 
was necessary to initiate crystallization, which was then 


completed mat 5 °C.atthetcrystals’ were recovered rand stored 


ipelLLauid murtrogen. 
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3.3 Sample Handling, Storage and Grinding. 


After the samples were prepared, they had to be 
handled and stored at low temperatures to avoid loss of 
the guest, and had to be kept in a dry atmosphere to 
prevent contamination by ice formed from water vapour. 
These requirements were met by carrying out all operations 
on the sample just above the surface of rapidly boiling 
liquid nitrogen in a large uninsulated metal can (206). 
Rubber gloves were always worn and the samples were 
handled using precooled, long-handled tweezers, spatulas 
and other equipment. The samples were stored under 
liquid nitrogen in a small, screw-capped bottle. After 
being closed, this bottle was placed in a larger screw- 
Gapped ibottle, also containing liquid nitrogen. The cap 
of the larger bottle contained a split pin inserted 
through a hole, and a length of piano wire was fastened 
Blirougin this pin. = ALterethisrcap was placed ons eneLoucer 
bottle, the whole assembly was transferred to a long 
necked, five litre storage dewar, and hung from the lip 
so that it remained under the surface of the liquid 
nitrogen until needed. Using these techniques, the 
samples were bottled in the sample handling can immediately 
after preparation and grinding. 

A finely ground powder was necessary to ensure that 
sharp, clear X-ray powder patterns were obtained, and so 


that smooth, homogeneous mulls, which gave undistorted 
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elie 
iierasnedespectra, could be formed. All of the methyl 


chloride hydrate and two of the early ethylene oxide 
hydrate samples were ground by hand. For this purpose, 

a long-handled pestle and a mortar were placed on a 

small table, whose top was just above the surface of the 
LLGuULlee nitrogen anathe sample handling can. 1A. small 
GWancicy Om Ligquzdeni trogen was poured anto: the morcar. 
Mneswmortar, pestle and table were made of stainless steel 
beCause sor ets Flow Neat! conductivity. “Ths grinding, 
technique was tedious and sometimes it was difficult to 
obtain sufficiently finely ground powders. Subsequent 
ethylene oxide samples were placed in a grinding tube 
containing an impactor immediately after preparation in 
the cold room, and were closed before cooling in liquid 
nitrogen. The tube was transferred to the Spex 'Freezer 
Milos orinder which contained Liguid nitrogen? -andwaene 
samples were ground for five periods of one minute each 
at maximum speed. Five minutes were allowed between each 
grinding to permit the heat generated during the grinding 
tomdissipate, Since the sample in this apparatus 1 senor 
in direct contact with liquid nitrogen. When the grinding 
was completed the tube was allowed to cool for five 
minutes and was then removed from the liquid nitrogen, 
grasped using asbestos gloves, and hurriedly pried open. 
The open tube was immediately placed in the dry nitrogen 


atmosphere of the sample handling can and then the sample 
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was bottled. 
3.4 Powder X-ray Studies. 

Specimens for X-ray analysis were prepared by 
transferring the powdered sample with a spatula to a 
coldequartz Capillary tube, mounted on the table: of the 
sample handling can. The sample in the tube was packed 
down by gently tapping the mounting. The tube was 
transferred in a cold nitrogen atmosphere, created by 
bast) bol tang@laquidanitrogen infamsmeaiiemetal pot, to a 
cold gas stream passing across the sample area of a 
Jarrel-Ash precession camera. Then the tube was mounted 
onto the goniometer head via a bakelite attachment 
fitted with a retaining grub screw which holds the 
sample tube in position. The cold gas stream was 
generated by boiling liquid nitrogen in a Dewar, using a 
pencil heater, and transferring the cold gas through two 
glass Dewar tubes to the sample area. Condensation of 
ice onto the sample was minimized by passing warm dry 
nitrogen through an outer tube coaxial with the Dewar 
Pubese2 0 74 208) 

The sample temperature was monitored by an iron/ 
constantan thermocouple held near the sample, and the gas 
flows were adjusted to give a temperature between 100 and 
150°Kacontrolled to better than +10°K. The camera was 
used as a flat plate powder camera with a crystal to film 


distance of 6°:0cm. The X-rays were generated by an 
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13. 
Bngae-Noniuss*Diffractisiedl Y generator msing copper, 


molybdenum or chromium tubes and the appropriate nickel, 
zirconium or vanadium pentoxide filters to produce the Ke 
radiation. Photographs were taken of the various samples 
ofeethylene oxide hydrate and deuterate, of ice Ih and of 
solid ethylene oxide. Unfortunately the equipment was 
not available when the methyl chloride hydrate was 


prepared. 


3.5 Infra-red Cells and Mull Preparation. 

The glass infra-red gas cells had a path length of 
10cm and were fitted with cesium iodide, sodium chloride 
or potassium bromide windows attached by 'Glyptal' or 
"Araldite' cements. Liquid spectra were taken either in 
a conventional liquid cell fitted with cesium iodide 
windows separated by a teflon spacer of the required 
thickness, or in a low temperature condensation cell. In 
this cell the gas was condensed to form a liquid film 
between two cesium iodide windows separated by a mylar or 
Deassespacer, 2 or 10 Sthousandthseot an inci schick. 

The cell was made vacuum tight by indium gaskets held in 
place by suitable copper rings, a spring and a metal plate. 
Solid films were made by freezing the liquid in either cell 
ands thenmannealing the vweulme sMulismewere=studvedsin 
cryostats which could be assembled at low temperatures. 

These low temperature infra-red mull cells were made 


in the department's workshops and consisted of two parts, 
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Las 
Peandes, aseshown an Figure :4.. she innerwoart, A, was a 


large liquid nitrogen reservoir from which was suspended a 
copper block, C, into which the two windows, D, containing 
Ene > mull were: placed.) (1c Keep fthezwindowseand mul» in 
POSTELON=in@thetblock, a Spring, EB, was held and compressed 
Dy ea¥copper plete,, F, attached ttorthe copper block by, “two 
long Allen-headed screws. The flange located on the 
OUESTIUeGBOfethe inner part, A, Litkedsever Lwo O-rings held 
in grooves on the top of the outer part, B, to make a 
vacuum tight seal. The entire cell, except the copper 
biock, CC, sping, 5, andeplate, Fy, end windows,, was made 
from stainless steel with welded joints. The outer jacket, 
B, contained twomwindows, G, held in position against O- 
rings by two annular plates, H, which were fastened to the 
outer part, B, by two screws. The cell geometry was such 
that light passed directly through both outer and inner 
windows, with the minimum of attenuation. The entire cell 
Wasmevacuated, through agtap, 1, at the top of thevinner 
section, to a pressure of about 107 3mm of mercury. The 
temperature of the copper block was monitored by a copper/ 
constantan thermocouple, J, soldered to it, and hence an 
approximate value of the sample temperature was obtained. 
This metal Céll was used’ for the majority of the work, but 
a cell of essentially the same design but made of glass 
(206), with a glass-metal seal for the junction to the 


copper block, was used for the early work. This glass 
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cell was found, to, be too fragule tor conveniences 


For mid-infra-red spectroscopy % inch thick cesium 
iodide discs were used as windows. They were haghiy 
polished by grinding them with aluminium oxide, then 
barnesite, and finally by rubbing them on a plain chamois 
Leather, ein all] cases using. [82sethanol as) a.dubricant. 
Pores tar inirna-red) scudiess1/16\ inch, thitck eaighpdensa ty 
polyethylene discs were used. They were either roughened 
with emery paper, or cut so that the central, light 
transmitting area was conically tapered, thereby minimizing 
the interference effects within the window. When 
polyethylene windows were used to contain the mull, a % 
tnich thick. coppemdisc, with) aerectanguilanscentrad 
aperture, was placed between the windows and the spring, E. 
| A Janis model 8DT variable temperature Dewar was used 
for some far infra-red work. «in this, cell the sample 
compartment is sealed against the insulating vacuum, and 
the sample is cooled by boiling the coolant just below it. 
The sample is surrounded by the cold gas and thus the 
sample temperature can be known more confidently and can 
be controlled more accurately than is the case when, the 
Sample is held in vacuum. Three sets of windows were 
necessary in this cell. The inner windows which contained 
the sample were made of tapered polyethylene, the middle 
windows were made of wedged crystal quartz and were sealed 


against indium O-rings to separate the sample compartment 
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Ve 
from the vacuum chamber, and the outer windows were made 


of polyethylene. 

TRG tpreparation of rehie! mui andthe assembly of the 
cCeliewere (Cauried jout tat eabout) 007K aim thelsample 
hand Wingtean |(206)mal Thesmost\*convenvent wean had a sade 
arm section for use during assembly, a modification 
Suggested andidevised ihyiMs ‘Solinas..1 The two windowszof 
the requisite material were placed, one on a stainless 
Stecimstand, and. (the other onthe seable, insa demtiercan. 
The inner section of the cell was suspended vertically 
with the copper block just eee rate the table, and the 
flange was warmed by attaching a heating tape. If 
polyethylene windows were being used they were cooled 
down, held in the copper block by the spacer, spring and 
plate. The can was then filled with liquid nitrogen to 
just below the copper block and the table top, and 
everything was allowed to cool. 

All subsequent operations were done wearing rubber 
gloves and using long tweezers and long spatulas. If 
necessary the cell was disassembled. The sample bottle 
wacetransterred from the storage Dewar to a holder on 
the table. A small glass) vessel” was placed on thes table 
and the mulling agent, propane, propylene or Freon 13, 
was condensed into it. The sample bottle was opened, a 
small amount of powdered sample placed on the window and 


a few drops of mulling agent’ added. The Slevlisker Gkajol Uakerke| 


| 


soguie oft -nt NOR, Hoots om Teen WTI oF iow Lh 
wh iss 6 Beet (ies tre kab (105 1qom > wit ea as pink Ibe 
mp fasnt? sBisar SC. (Ehiiach polish sew wes ors : 

on Gethaiw wa oAT Sen LIGS is An sod yen me _ 
eed an @9re. yGudhdg 4ouv' tole @ | 


5 


Wetn @4) Ghdan?) \s>lrci4t oti ao tonto eerie t 
Vilna lttey Odhasgivie evs ifsq ots tH en 
‘Sith teh yoTdss ahs cashomoe Jone  eootdygee 
7. ‘seany Oni mod » cneiieess ed Dan oe enw 
Ssfieer tase You Hows petod! mae @ vebedv analyst 
hit) (rit: Ssveqe ere wi wold shqnow add qs tie oni 
dae Reena ta. SNELL weiw TALLLy van Bap Ane ad’? , dere le 
rts Mt?’ HASad Sis Sans Raoie Pat Soy, waled Sat 
5 a 
.'ooy an bugga s a ie a Seach 
, PESEAD eaitert myo | Stay aoet ee reairpmadae fh = 
he apaderage gna!’ bite’ Qudsenud gone pate bas : 
@i34a0 afmias wit , aabictaea weg ie so bi it nets 

7 Gy Sobers Oo" aren eypvots Sif) aoe bgt 
Koad an soogiy ew 


ae 


Laanty insiiga 


WS 
wore -Ggently*mixed wlth thew tir Of a spatula and then tne 


second window was placed on top. A smooth mull was formed 
by rubbing the upper window gently over the lower, using 
tweezers placed in a slight depression in the upper window. 
The windows plus mull were then transferred to the cold 
copper block, the spring was inserted, and the outer plate 
was screwed into position using a long-handled screwdriver 
placed through “a ‘hole in “the side “of *the cany A’ smaki: 
amoune Ob eliquid nitrogen was placed™in the’ coolant 
weservoirc. Whe outerm*section Of the cell, which had been 
flushed with dry nitrogen gas, was placed into the side 
arm of the can. = Without removing the inner section from 
the nitrogen atmosphere, it was rapidly inserted into the 
outer section and the cell was evacuated. The warm flange 
endoted "ae rapra vacuum seallto be made. “The “cel was 
guickily transferred "tothe bench, filled with iecquid 
Nrevogen,;, and the’ anner “and “outer sections were Botated 
until they “were aligned. “fhe *cels was then ready to be 
teansteured to “‘thesspectrometer. “While Le was im the 
spectrometer the vacuum was maintained by continuous 


pumping. 


3.6 Instrumentation. 
3.6.1 Mid-Infra-red Region. 

A Beckman IR 12 double~beam, grating spectrophotometer 
equipped with a fiducial marker was used to record the mid- 


iil 
infra-red spectra between 4000 and 200cm ~. When the 
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Whe 
sample was contained in a cryostat the lid of the sample 


compartment was replaced by a plexiglass cover which 
fitted around the cell and allowed it to be aligned in the 
beam while maintaining the purge. The instrument was 
continuously purged with either dry air to remove water 
vapour, or with dry nitrogen to remove both water vapour 
and carbon dioxide. The dry nitrogen was prepared by 
beorl tng ldwquid) nitrogen,;) ande passing 1tcnrough a copper 
col tor allow Vecomwarm oeroom™ temperature, before at 
entered the instrument. 

The fiducial marker facility was set to mark every 


25 a etCwe 000 cna I 


and every 50cm * above 2000cm~ 
The frequencies at which the marks occured were calibrated 
using the standard gases: water vapour, ammonia, carbon 
dioxide and=hydrogen chloride’ (209)% “ito was? found that 
the calibration was readily reproduceable to better than 
#0-5cem + below 2000cm + and ticm™+ above 2000cm~. 
Routine spectra were run using twice the Standard 
Slit Programme of the Beckman instrument. This procedure 
gave a resolution of about See between 200 and 300em ~, 
better than 4cm * between 300 and 650cem + and about 
en between 650 and 4000cm +. Detailed studies were 
carried out on some of the bands at OSene resolution. 
Te daght intensity can ‘either be recordedsassthempercent 


transmission of the cell or as the absorbance of the cell. 


The percent transmission scale was found to be the more 
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Expansion facility can be used to expand the spectra of 
highly absorbing samples. This facility was used for 
most of the spectra recorded. 

306.2. Far Infra-red, Region. 

iniva-red spectra in ee range 360 to 17cm + were 
measured using a Beckman-RIIC FS 720 interferometer with 
non=standard electronics. s»Thesoutput Lromithe,Golay 
detector was amplified, rectified and fed to a Hewlett- 
Packard model 2401C digital voltmeter. The trigger 
Signal from the mirror drive was fed to a selector, which 
allowed every aoe pulse to be used to start the digital 
voltmeter counting for the preset period of time. The 
voltage was then punched onto cards using an IBM 026 card 
punch driven by the voltmeter via a Hewlett-Packard model 
2540B coupler. 

Two driving mechanisms for the moving mirror were 
used, the continuous Moire drive and the step-drive. The 
Moire drive was useable over the entire frequency range, 
but the step-drive was found to be useable only below 
250cm -, since. .1t gave incorrect and unreproduceable 
frequencies above 250cm >. The step-drive was somewhat 
SUperloE to. Lhe Moire drive at frequencies below about 
50cm + since it was faster and gave a slightly less noisy 
spectrum. A variety of beam splitters and of high 
frequency cut-off filters purchased from Beckman 


Instruments Inc. were used to cover the frequency range. 


: 3&8 ny ” . 
i «ane. y" ee 
7 a A i : 7 
‘ 5 7 4 ~ : ou - oh . So 


Os es aide ina aid) abe 


To antsoye ont Laadnd oct beet od ne; yw ons aeee MAKE 


Ce 
G 

n 
ag 


40% Dean BewW aris 


ene jiameaphi 
wes 2967 arya 


ng Boe 


oh veaepetns Of 


5g Py a ob Bo CoG Stuips: & Yr fl ae Be oer a : 


Adtech: aduricete oS (he>L-nenedias rise boven 
| a on 


ps i iniuoy Foreud 4s a7 Las ‘totswsk 
arate 
a iT tial iy. a 


Ton Thani nals sav svasiey 


bal are f<"ealinl- 4 al (Suu LO" 7 nay iby ok uq 


»teiques be: eg 
| : ; 
a” 2 Hit Wai i */ <>! ¢ spa =o) i ou 5 I i : at L ca rab owt 


OV 


~.. 


tt: eebeosdeds 48t) hb oovich “bake dues ripe poeu 


‘ As i 

A 7 ‘ 7 ’ 

<Senal “OAc p= line ets ewD {soe or, ad  ST4OF 
com 

we) of eA rie Lewat it pu a4 ip? ela’ ps eqd2 way. 


3 ig gt when! > YY hy [hice hm "* : tah 


7 duode weal ya Shoat) i ay 14d 


a how, wit CeIn fia eS aVen ooh, ures 
. ant Be bare wR dd Lt a month 5 
ste 


a 


- 
al, peed asian Te 


as . 


dis 
The interferograms were run from +x to -xcm path 


dimperence. The digitized anterferograms were Fourier— 
transformed on the IBM model 360/67 computer at the 
University of Alberta using BOBS IV, a Fortran IV programme 
written by Bertie, Othen, Brooks and Sunder, which utilizes 
the subroutine RHARM in the IBM scientific subroutine 
package. The intensity was obtained from the square root 
of the sum of the squares of the sine and cosine transforms. 
The resultant spectra were plotted on an off-line Calcomp 
plotter. The programme permits the ratioing of two spectra 
to eliminate the effects of the background and hence obtain 
the absorbance of the samples. It also allows the 
averaging of several absorbance versus wavenumber spectra 
to enhance the signal to noise level. 

Because of the larger number of points required for 
esoecerum sat lem + resolution compared to one at 3cem + 
resolution, the higher resolution spectra showed larger 
noise levels. All interferograms were run over a path 
difference range of at least +0°7cm, which gave, without 
apodization, spectra of at least 1=s5em > resolution. 
However, by transforming only enough points to give a 
resolution of 3-Sem 7 the noise level was reduced to a 
toler ape tlevel swiehnouttalterang, Giesspectrum 
significantly. When several spectra were averaged, a good 
spectrum was obtained using all of the Gate points eeALL 


interferograms were transformed using a triangular 
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apodization function, which decreases the noise level but 
also reduces the resolution*by a factor if 1:5. 

The calibration of the interferometer, which depends 
OnREne accuracy with whichethe positiongot the smoving 
mirror is known, was checked several times using water 
vapour (210), hydrogen chloride(211), and methyl chloride 
(22 )e7 and was founds tO be witnan tonne oe or better, of 
the literature values. The only exception to this 
statement was in the case of the step-drive at frequencies 
above Depene ae in which case the errors were very large, 
and the drive was not used, 

So. De Raman StuaLes . 

Raman spectra were recorded on a Raman spectrophoto- 
meter which consisted of a Carson Laboratories model 10SP 
Ar’ /Kr laser, a Spex model 1401 monochromator, a cooled 
Pat eh Wwils0 photomultiplier, land) phouon counting 
electronics. The excitation lines at A880A Ar’, blue, 

° 1 ° + Ba: i 
HI AS5ASAG Fagreen, S620 Ke , yellow, ganda =G4/1As Krys. red, 
were used at a power of at least 100mW. Each sample was 
Studied. using at least, twovditterent, exciting lines “and 
reproduceable spectra with a resolution of about lom™* 
and a frequency accuracy of tlem™* were obtained. The 
instrument was calibrated using benzene (213), carbon 
tetrachloride (214) and indene (215). The samples were 


liquids at about 22°C sealed in pyrex capilliary tubes. 
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CHAPTER 4. RESULTS AND ASSIGNMENTS. 


4.1 General. 

The search for a definitive spectrum of a clathrate 
hydrate took much longer than was expected. During this 
investigation many factors were found to be involved in 
obtaining a detailed and reproduceable spectrum. Most of 
Ene carly spectra had baselines which fell rapidly to high 
frequency so that the sample transmission at 4000cm + was 
BecOelLds, Ole thateat Jone Hence features at higher 
frequencies were not observable even with the aid of scale 
expansion, since scale expansion is accompanied by an 
increased noise level, which in these cases could not be 
eliminated by the use of higher time constants and slower 
scan speeds. Three factors were found to contribute to 
this poor baseline: first, inadequate grinding of the 
sample, second, scratched, fogged or poorly polished 
Wridowe sand wcll ca, sOOr prepa bacLon. OF steel ics mma 
reduced the transmission at high frequencies. 

A good spectrum can always be obtained if the 
paptrelersize is much smaller sthan® the wavelengtheotwche 
fight pewhich Means, in Chisecase, vthat particles with 
diameters much less than about a micron are required. 
ThiseVsenot easily pantera and the requirement can be 
relaxed by suspending the particles uniformly in a liquid 
with a refractive index comparable to that of the 


particles, that is, by preparing a mull. Nevertheless, a 


iim a 
= 


7 ¢) 
: ns 
iF 
etn; (SS i 7 ms OV iu¢ 
7 
it pki) Palos eenit Re 
je ) ett 


ident, ad-od frre | me Pee 


F | Cy) { Fé F he 
’ 
! | 
Gt sy | 
. oe ) 26 
4 


a * 
Son ie ,no tans oe 


\ py’! 7 ; 
te on Bt by ah (asi. k awe ederim nomoarer if 
7 - | | | iy | : y ae, P ale wt been mite 


ie pire | ; het ohInT 


‘ 1 , Os iG. 
\ b i i] of} } y r j _ f 
Seo PITT Fil rT, geet Cf & oo 
1 
ef 36s Aida 8 { 
y - 
wey ia rey e tees rid fir f i Lemme rf 
1 7 ; : 
‘ a 
fei et Lia ee a MET, 4 fie x 7h, ag 
- " 


— ~berku pe Vie (ormsm ac dugds rece 
: i t ay ih F) 
is aN. Lis ager add fins Swirl 


be aiid ae)% ages Sg haass wo “i a? 
5 tees agit | 


puolegisto we , ihe prt 
ai : 
—) 


ie tort ‘of heed bé aan fl bat 


ST 


ap Y) 
" 
a 


84. 
uniform finely ground powder is still required to form a 


good mull. The scattering of light by the cesium iodide 
windows can be reduced by very careful polishing, until a 
clock face can easily be read through them. 98% alcohol 

is required for this polishing because the water present 

piel SeMalcoholeisesttiicientytomtog thelwindowslastthe 
alcoholmdriesma Duxingwthedmuldingeprocedurercare mustebe 
taken not to fog the outer or inner windows by bringing 
them into contact with moist air and one must avoid 
scratching the windows with any of the metal equipment or 
with large sample particles. Even with a finely powdered 
sample and well-polished windows a good spectrum need not 
result. If the sample is not evenly distributed throughout 
bhesmuliding agent; orliatirthesmullyisenoteunitormiyaspread 
between the windows, then parts of the light beam are 
attenuated more than others. When this happens, strongly 
absorbing peaksiin the) spectrum arecdistorted;, and in) some 
cases the absorption maxima lose their structure and become 
Plate topped, mands thespositionsot® thesbaselineachengeston 
passing through the absorption. 

The mulling agents themselves also caused problems 
because they sometimes solidified or gave non-reproduceable 
peaks, @Preon. 1s; hasethevhighestefreezingspoint of Mthe 
three mulling agents used and was the most prone to 
solidification, especially when being studied alone for a 


reference spectrum. The spectrum of the solid Freon 13 
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tailed markedly to the low frequency side of the apseGrption, 


whilst on the high frequency side a small negative peak 
occurred followed by a sharp drop to the absorption peak. 
This phenomenon is due to reflection losses and is called 
the Christiansen Filter Effect (206). Propane was 
particularly prone to showing small variations in its 
spectrum. Some peaks would occur only in certain spectra 
and others would exhibit variable splittings or relative 
intensities. This behaviour made it extremely difficult 
to ascertain which features arose from sample absorption 
and which from mulling agent absorption. These variations 
could be observed in a pure sample of propane by changing 
the temperature slightly, and hence are probably due to 
phase transitions; either liquid/glass or liquid/solid 
transition might voccurs “Ini order to counteract sthe 
anomalous effects due to the mulling agents by keeping 
them in the liquid phase, a small heater was placed in the 
liquid nitrogen reservoir invcontact with the copper 
Block yvand ‘was controlled) from-aSsheestats. > Untortunatcely, 
because of the thermal lag between the copper block and 
the sample, it was difficult to know when to stop heating, 
and the mulling agent often sublimed or vapourized. Freon 
l3aiwasepacticularly susceptible to sublimation. When this 
happened the hydrate sample remaining scattered light so 
badly that weak features above 1000cem + could not be 


studied. Adjusting the temperature also had the 
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86. 
unfortunate effect that it increased the strain in the 


glass-metal seals of the glass cells and they frequently 
broke. In order to avoid this problem, the stainless 
steel cell was designed, and this has proved to be very 
satisfactory. 

Two samples of methyl chloride hydrate were prepared, 
ground by hand,and several mulls prepared from each 
sample were studied in the mid-infra-red region using 
glass cells. The early spectra showed steeply sloping 
baselines with weak, featurless absorptions at about 800 
and 3200cm + due* to rotational “vibrations and ‘the OH 
stretching vibrations of the water molecules, the V p (HO) 
and Noy (H5°) bands, respectively. Spectra of the pure 
mulling agent also showed broad absorptions in these two 
regions and ice was clearly being incorporated into the 
mull during preparation. With practice the amount of ice 
was reduced to a tolerable level, leading to about 5% 
absorption in the You (Hy 9) region. Spectra of the hydrate 
continued to show broad featurless bands in the Vp and 
pagal EGLO) regions and at TeO0CHE due to the H-O-H 
detormacion Vibrations, the V, (H,0) band. However the 
bands now showed slightly steeper sides and tailed less. 
Both samples of methyl chloride hydrate showed identical 
spectra which did not improve even if the sample was 
ground for a prolonged time. The hydrate spectra were 


very similar to those of powdered ice run under similar 
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conditions, and showed no features that could be Seer nenree 
egecO. Clie guest. g hurther studies in valk three mulling 
agents failed to produce substantially different spectra, 
and it was concluded either that the spectrum of methyl 
chloride hydrate under these conditions is indistinguish- 
ablevirom that Of ice or ithatethe sample wwaseice Orahad 
Gecomposed to form i cerduriang Grinding ,»sstouage or ss cudy - 
A third sample was carefully ground in an attempt to avoid 
decomposition but its spectra also showed no methyl 
chloride features and so it was decided to study a hydrate 
which was easily prepared and whose guest had strong infra- 
red absorption. Ethylene oxide hydrate was chosen. In 
retrospect, hydrogen chloride, a common impurity in methyl 
chloride, may have aided the decomposition of the hydrate 
and, in future, the gas should be passed over potassium 
hydroxide pellets before preparing methyl chloride hydrate. 
Three samples of ethylene oxide hydrate were prepared 
by the method used for methyl chloride hydrate (section 
3.2). Initially the spectra appeared to be very similar 
to those observed previously, but for a few of the thicker 
mulls a very small peak was observed at about Wentoen ey 
where ethylene oxide is known to absorb. It thus seemed 
clear that ethylene oxide was present in the sample, either 
ASeamecolideimpurity Ov gassaggues Camotecule to souder elo 
characterize the sample a low temperature sample container 
was designed for the Norelco powder diffractometer. This 


device is not described in detail because it did not 


ee oe 


tar i ie Hi 


Cert peta & ai! aLuo vw vi Sevag aid an | sA@, ‘ 


AG 7 
i y 7 
a 5 ) ‘ a 
A vee earl. ‘ rr | be ni a at “ay q i iw 
¢ 7 : 
- a ol aT + 
i 3 , ‘ oa : ‘ ! ; hg site ”* ' a v9 ap ad : ‘ es oe bt es 


. ay ay) Fr) AT Wa re 3 tae ak baw as 
Spies fet bee (DAL | : ; f j : “ee Lirik? jaar asisatte io. 
| ie wait ao. 26nu ad ‘ale de 


: 
od baeog sk 


by ra ys ; ; Tae aov al qQmed dk A 


\spaqepad ay 


' ay 7 
Pel>p. &' i vem .ebisoLno 
7 J 


7 — 
rt ; Cigee? i\3 , ow 439% nt -\: bre 7 


eis! i a, + hi asp ella ay] vo kontiya 
has 7 sul fiy bs ; iynee aj bry iors cacy 
' $e7! | , ab 2% wk. vs lh ho one. wilt YS . 


sw ef od 4) sy G ey oldebdans AS a 


; ray ote 
bri ) Be Weis Gad tid , Ulaveivetg pariesiip ¢ HIF OS 
; bab 
7" I f shee ac? J 
huabes avd? FI siseage &) | . 
Telia «AL Qhag AES As JusitMasy C6 =) Dae 
- 


lari va P phys Slom Syeuy 2 & 
7 ws ; 
a” hint 


indi ah PDA 


- f x y ~ peace Mra Sal Wee! il aed ae 
7 if : y fr « - - 7 : 
#0T te a beta we tu pn Tspa 


a 


: at Yee 


88. 
enable satisfactory results to be obtained. It was 


difficult to avoid the condensation of ice in the sample, 
the sample could not be prepared with a sufficiently 
uniform surface to yield reproduceable relative intensities 
or even diffraction angles, and the temperature control 
WaS poor. .Because of. these difficulties the more intense 
Pinesso: "theshydrate couldsnotabesteliabli, distinguished 
£romythose of ices The Xaray patterns of the ethyliene 
oxide hydrate samples showed some features which seemed 

to indicate the presence of hydrate but the identification 
was by no means conclusive. No conclusions could be 

drawn about the methyl chloride hydrate samples. 

X-ray photographs were also taken with the precession 
camera, used as a flat-plate powder camera. The methyl 
chloride hydrate samples were unfortunately lost and hence 
could not be studied further. The ethylene oxide hydrate 
samples were characterized with this apparatus after 
inugial Git ti_cultlesswenes,overcome..) In particular, searly 
X-ray photographs showed hydrate patterns with super- 
imposed ice lines but because the sample tubes became iced 
during tcansfer from the sample handling ¢can,to the camera, 
SnOeOurino study, 16 Was not certaln Le Chesice wasein,) the 
sample or onthe outside of the tube. Subsequently, the 
techniques were improved so that little or no ice was 
deposited on the tube. Once these techniques had been 


developed and the samples were known to be the hydrate, 
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sometimes with ice Ih or ethylene oxide impurities, several 


samples were prepared by methods 1 and 2, ground in the 
Spex grinder, and used to perfect the techniques of 
preparing mulls and obtaining good spectra. As the 
techniques improved, the weak ice peaks did not appear in 
the background spectra, showing that ice from atmospheric 
water no longer contaminated the mulls, and the spectra of 
the hydrate showed some weak structure on the Vox (H59) and 
the Vp (H50) bands. However the Y yy (H50) band resembled a 
poorly resolved spectrum of ice Ih, and it seemed probable 
that this arose from techniques that were still imperfect. 
The spectrum of ice Ih was therefore obtained using the 
same techniques, and it agreed well with the published 
spectra (176). Thus it was clear that the techniques had 
been perfected and that the Yon (H0) band in the hydrate 
does indeed resemble a poorly resolved ice Ih spectrum. 
The spectra of the deuterate supported this conclusion, 
because the bands showed a considerable amount of structure, 
and several previously unseen absorptions due to ethylene 
oxide were detected. The spectra of the hydrate and the 
deuterate were then studied further” to” obtain’ the spectra 
in this thesis. 

A considerable effort was made to determine the 
Berreces of small Quantities of ice impurity upon the 
spectra. It was found that the presence of ice could be 


detected from the shape of the Yop (HPO) absorption, due to 
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90. 
the O-D stretching vibration of HDO molecules in dilute 


solutsaonein H,0, with greater sensitivity than the X-ray 
method provided. This is discussed in detail in section 
4.2.2." The spectra ‘of samples! preparedrby methodos, ’ that 
weve “showns toe bemireetot icesby @thislbandashape: criterion, 
were identical with those known to contain some ice, 
ExCept, One Course? Piorethic Yop (HBO) absorptions. 

AtCtempctsm Cosobtain@ethestarsinira-red@spectranrof the 
nyadralesledetovatiurther pertodsofedit#iiculttes, because 
making a mull between polyethylene windows requires 
different techniques from those used with cesium iodide 
windows. Again the reproduction of the literature 
spectrum of ice Ih was used as the criterion for 
Satisfactory techniques and the spectra presented in this 
thesis were obtained. For the spectra below 100cem™+ very 
EnickrmuLisearenrequired, and i to.faciditate thers 
preparation a recess was cut to a depth of 0:002 or 0-005 
inehnestunetne* flat Suriace OfseonecmoLtetheswindows. MARIO: 
the far infra-red spectra were obtained using the 
interferometer. Towards the end of this work it was 
found that the random noise could be reduced significantly 
by averaging three to Six absorbance spectra and the 
computer programme was rewritten to permit this. An 
attempt was made to check the results from the 
interferometer by using the Beckman IR 11, but it was 


found that the beam was almost totally attenuated by the 


~~ 


a2 
_ as y= 
- 7 : ey co 7 


stulhb owt asin) ota Cu. 39, pay er 
: { 


Yao 2 gets wat YO LV ieiemea 1e1eo'W agi w yh 
I hae. bh eh —_ 


antigose Al, tiniod al-Obsetuoel 


Spade EE SOAD au yo betaeqgetd 2620°58 <0 pafoagh | 


edweeise eqsde feet. etd ot sol 36 nerd oot pats: 
rice asne@o &2 yr i toike tapisnat 


1 
f wl 5 P 7" -~ 9 : 
‘robpeaauvads. (7) als ' 109% at tuo. te, * 
ti i 7 
‘ ) j . | 4 -é ao 
i pig b 4 . ob Fi 
cas Cty ( tf al Av { raves 
a 7 ' eve 
: a 
‘ ' ; i «¢ S| pe «Rwob 
J ual 
iva 5 be . ’ ' 
1 ] : , ery? aoe 
« 
{ - 
t = gaps ying bey Nheriatge <r 
Ce 
i I “ ; Ad if ~ » ) ani ath 
, een 4 
ity <2) c 7) a t' peo i i t > , a ries be | ¥ 2 
¥ 
a 


; i ~~ 
© ty j hA , iEx Wy. s | y HNC io A TAS | ee: ad 4 


; oc? “steka nis atu “i esau come 308 
; en 


7 ; ; i Q = bY Ey J t L* a Ar VA incl ; 7 NG i Mire i 
; | na 
oho phe stn = cir i rit ip “10 Bie My 
7 af me : 
> vy A ewes Aberase OF hr ad xo ie 


7 4 7 @ Las * 
“af! ines’ PIL A GI 


— 


ok | as ad i Sal bh i" mh Ties) iat | 
wa 


o 


ae 


SE 
windows and hence studies on the low temperature mulls 


were impossible. 

The spectra of the hydrate so resemble those of ice 
that two hydrate samples used for far infra-red spectra 
were retrieved from the infra-red cell and examined by 
X-ray methods to ensure that the hydrate did not decompose 
during the infra-red experiment. The photographs con- 
firmed that the sample was still the hydrate and no 
definite ice or ethylene oxide lines were seen. 

From all of these studies the spectral effects of ice 
and ethylene oxide impurities are qualitatively known, and 
it is certain that the spectra presented are those of the 
hydrate: uncomplicated by impurity absorption. eine inere— 
red spectra of ethylene oxide hydrate at 100°K are 
presented in Figures 5 and 7, and those of the deuterate 
are presented in Figures 6 and 7. Table II contains the 
frequencies, approximate relative intensities, and 
assignments of the bands. The frequencies of the bands 
due to the water molecules are accurate to about ‘Sones 
except as. noced. in Table 1, because, ol Che buecadunjgor eihe 
bands. The frequencies of the more intense ethylene oxide 
features are accurate to eee while those of the less 
intense features are probably only good to +2em >. Above 
100cem™? the assignment of the bands to host or guest 


absorption followed from the water isotope shifts. The 


detailed assignments are discussed in the next sections of 
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TABINE es FREQUENCIES IN CM OF FEATURES OBSERVED WIN THE 
INF RA-RED SPECTRA OF ETHYLENE OX2DE HYDRATE “AND 
DEUTERATE AT ABOUT 100°K. 

EDD IR AGIOE, DEUTERATE 
3400 sh. 
S220 ves. ore Yo (#59) B27 2 ois V4 (HDO) 
SLOOmsh. 
3066 w. Ee Os 3069 m. 
S00 FR we Be.Os Ss Ocumne 
2998 w. EO: 2999 m. 
eye Mae h laa Bao. 295 Seine 
2920 We Oe PREVI LEDS 
2O 13 ee Wie Bee 2914 w. 
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TABLE bl. Continued. 


HYDRATE | DEUTERATE 
808 sh. Boo. 810 sh. 
C05. Ss WeOn S07 4S. 
680 sh. 
630 w.sh. 620 .S).biq: 
590 w.sh.? ce yoo) 
560 w.sh. 465 w.sh. 
530 w.sh. 422 w.sh. 
3 OM. fel O 
~S 00S, ~w2 GOS. 
250m I. BETO alt x 
229% GOO -s.. BCT Oe ess 
ZLO0 sch. Vp (50) 203 sh. Vin (D0) 
LoS min. 
184 w. cmc 
OES. 114 sh. 
Led MON ake lL Olewiee 
low frequency 
5 Ose edge of AS 55 
plateau. 


E.O. indicates that the feature is assigned to an 
ethylene oxide guest vibration. The explanation of the 
abbreviations is: v.= very; s.= strong; m.= medium; 
We= Weal bir. =o broad;e sh l= wshoulder?s) 13= "point. or 
Tole ction: min.= minimum. 

All features below 360cem 7 were studied using the 


interferometer; above this frequency the Beckman IR 12 


was used. 
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this chapter along with more detailed comments on the 


individual bands. 

lisbemains®@herevonly to 4ustifty itherclaimeithateche 
sample temperature was 100°K because it is well known that 
thestemperatureswoftsamples held intvacuum arecdiificult 
toemeasurevreliablys ©For the mid-=infra-red region ‘the 
Freon 13 mulling agent often froze, indicating a sample 
Cemperature of close to 95°Ke. To allow for uncertainties 
in the temperature reached upon heating, 100 + 10°K is 
cited as the sample temperature when cesium iodide windows 
were used. Polyethylene windows, however, have a lower 
thermal conductivity than cesium iodide windows and hence 
the far infra-red mulls may have been at higher 
temperatures. In an attempt to measure this temperature, 
a thermocouple was embedded in a polyethylene window, but 
it showed a very slow response, probably because of the 
aqiftf&tculty of creating good ethermal contact 1nvayvacuum, 
and the lowest temperature recorded was 125°K. However, 
when the windows were separated after spectra had been 
becoreea, Jiguid propane oe propylene was vsourl lepresen.. 
It seems unlikely that these mulling agents would remain 
in a vacuum for at least 10 hours at 125°K and hence the 
temperature was probably about 100°K but it is impossible 
to be certain of the exact temperature. The temperature 
of the copper block was monitored at between 80 and 95°K. 


Because of this Uncemtainily ing ches temperatune, 
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8. 
which was considered to be particularly serious for the 


study of the ethylene oxide intermolecular vibrations 

below LOO amen spectra in this region were also recorded 
in the Janis model 8DT cell. The sample temperature in 
thrspeell wastcontrolledgats90 +. 1°Ka. Thelspectraswere 


Bdentieal Gwith thosekobtainedeusingathesotheruces |e 


42 Absorption due to the Host. 
Arrata H,0 and D0 Absorptions. 

A comparison of the spectra of the hydrate and 
deuterate with that of ice I (176) immediately yields the 
assignment of the bands due to the vibrations of the host 
water molecules in the hydrate. Thus the absorptions near 
3220, 2270, 1600, 840 and below 360cm + in the hydrate can 
be assigned to the Voy (H50) 5 3y and V, oo Vor V,(H,0), 

V,, (H,0) and W,, (H,0) vibrations, respectively. In the 
deuterate the absorptions near 2420, 1630, 1200, 620 and 
below 360em ~ are assigned to Yop (P29) 3%, and V, + ee 
LIENS V. (D,0) and V,,(D,0), respectively. The definition 
OL the symbols is given an Chapter 27. 

The extremely strong Nou (0) absorption in the 
hydrate has a central peak at 3220cm + and shoulders at 


a TE isi very similar tovthateon ice 


ih 


3100 and 3400cm 
(176) which has features at 3220, 3150 and 3380cm_ 
respectively. The frequency differences are probably not 

significant because the features are poorly defined. Both 


bands are broad, with halfwidths of about 400cm ~, but the 
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hydrate features are less well defined. The strong 


Von (D0) absorption in the deuterate has a peak at 2425em > 


and shoulders at 2333 and 2490cm™* compared with values of 


242907 @23328and 2485cem > reepective ly inp. Omtce (17.6)™ 


2 


Thee@bands methetdeuteraterand D0 1c¢e both@have halfwidths 


Onvabout 250em > abencuene na D,0 ice the features are more 


pronounced and there are two weak shoulders at 2395 and 


DS aecume (176). In both phases, the features on the 


2420cm * band are more clearly resolved than those on the 
3220em > bana. 


The overtone, 3Vp 1 and combination, N5 + Ne: overlap 


1 


to form a weak broad band centred at 2270cm ~ in the 


hydrate and at 2266em with a shoulder at 2450cm + in ice 


Daivioge 2G.)e, PerOrntne  wdellvera CemLhiG -absOupLTonsoccurs at 


sail 
a Wwittieasshioulcernaveaboutine Ochiew pewhikict 


a 


about 1630cm 


i DO ice the band is centred at about 1650 + ~30cm_ 


(L7G) 2k further «broad “weak Valsorption due to the v5 


Vibration’ and the 2Y, overtone occurs at about fe0sen a 


in the hydrate and about 1200cem + in the deuterate. For 


HO and D,O ice I the reported frequencies are 1600 (216) 
1 


anomie koemn. (176) Bnespéctivelys® All@the vs and 29, bands 


2 
are extremely broad, weak and almost featurless. 
=i 
The Ye band in the hydrate is centred at 840cm as 
feGcneesane tabsorpbion in icemis =The hydratevand™ice 


bands are both broad and have halfwidths of about Tecena 


However, the hydrate band shows features not observed in 
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100. 
ice I. The peak at 805cm + with a weak shoulder at 808cm ~ 


is clearly due to ethylene oxide absorption and is 
observed in the deuterate at 807 and 810cm 2 respectively. 
However, the sharp change in absorption at 864cm + leading 
to a weak shoulder at 890cm + does not correlate so well 
with the ethylene oxide absorption at 872cm + and shoulder 
at 88lcm + seen in the deuterate. No features 
corresponding to the shoulders at 770 and 900em ~ a CCPL 
are observed in the hydrate, but a feature is observed at 
560cm + which is rather more pronounced than the nisivenh + 
shoulder in ice I. There are also weak features in the 
hydrate at 630, 530, and possibly mete 2 WhLChANGe not 
SCcuULeLNelcCe sl = SThe Vp (D5) bands in the deuterate and 
i 


D,0 ice both have halfwidths of about 120cm ~. The 


deuterate band peaks at 620em * while $thatiin LCemEIis 


reported at 640cm -, although Bivom (curvesasor harguressnor 


reference 176 it appears to peak at 625 to 630cm >. In 
both phases the strong absorption is asymmetric with a 
change of slope at about 675em + 


uf 


Below 360cm ~ absorption by the translational lattice 


vibrations, Vor is observed. The spectra of the hydrate 
and deuterate down to 100em + are similar. They consist 
oita beoad peak, cat 229 96 tand 293 slicmas respectively 
together with one high frequency shoulder, two low 


frequency shoulders and a peak to low frequency of the 


central maximum, In ice and D0 ice (198) broad spectra 
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10a 
are observed with peaks at 229-2 and DO ene cep eet els, 


which are sharper than the peaks of the hydrate and 
deuterate. The most noticeable difference between the far 
infra-red spectra of the hydrate and ice, and the deuterate 
and D,0 ice, is the absence of a dip near 180cm + in the 
clathrates. 

Below 100cm™+ the absorption in ice I steadily 
decreases with decreasing frequency (198) with a weak 


sl, 


shoulder at about 65cm. (216). Experimental and 


theoretical studies have shown that from 45 to 25cm + the 
absorptivity at 100°K is proportional to v4 whilst down to 
Liem, Los pDrOpOoLe Lona to SF (199). All other phases 
of ice studied (173) also show approximately linear 
decreases in absorption below 100em™* down to the lowest 
frequencies studied except ice V, which shows a small 

peak at 95em™~. In contrast the clathrates show a broad 
plateau between 100 and about 50cm ~ with an essentially 
linear decrease in absorption below this frequency. 
Because of the low frequency and breadth of the absorption 
and the extreme difficulty of determining ats exact’ shape 
nMo'rsotope shift has been detected. It “secms likely that 
at least part of this hydrate absorption is not associated 


with water lattice vibrations. The assignment will be 


discussed in detail in a later section. 


An eo, Absorptions. 


In dilute isotopic samples, absorptions due to the 
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stretching vibrations of the OH and OD bands of HDO are 


observed,  .,, (HDO) and Vop (HO), respectively. Y op (HDO) was 
studied in samples made by methods 1, 2 and 3 from 
SoOluLiOns eOntalning qd to, 5seor D.0 ag) HO. inepracticera 


1% D,O vial H,O Salipte contains »wabouts 001s sor D0 molecules 
and almost 2% of HDO molecules but samples are designated 


in terms of the percentage concentrations of DO placed in 


2 
the preparation flask. The spectra of these samples were 
identical to that of the corresponding hydrate or deuterate 
together with the 9, (HDO) or ¥ 4; (HDO} absorption 
respectively. 

Studies were first carried out on two samples made by 
method Licontaining 1 and 53 or DO respectively. Both 
samples showed Vop (HPO) peaks which were steep and straight 
sided and sharp pointed, as shown in curve a of Figure 8. 
These peaks are referred to as V-shaped peaks. Both 
samples showed peak maxima at 2419cem™+ but the 5% sample 
gave a broader band of about 65cm halfwidth, whilst the 
Yop (HO) band in the 1% sample had a halfwidth of about 
40cm™+, The X-ray patterns of both samples showed ice 
lines. 

Subsequently two samples were made from 2% and 5% 

D,O aig! HO respectively by method 2. The 2% sample showed 
weak peaks at the frequencies where strong absorption 


occurs in solid ethylene oxide. Figure 9 shows the 


absorption between 750 and 950cm ~ for a sample which is 
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% ate oxide 
FIGURE 8. Absorption by Y,.) (HDO) in 5% DO ethylene 


hydrate at 100°K. Curve a is from a sample contaminated 
eu ice I while curve b is from a pure sample. 


104. 
impurity free, curve a, and for the 2% sample which 


contains excess solid ethylene oxide, curve b. For 
comparison, Figure 10 shows the spectrum of solid ethylene 
oxide in the same region, and the arrows in Figure 9 
indicate the absorptions associated with the solid ethylene 
oxide. The powder X-ray pattern of this 2% sample gave no 
tnuication Of ce, but exhibited weal teatures in the 
regions where ethylene oxide lines occur. These features 
could not be positively identified because they merged 
into the background. Hence this sample is probably ice 
free but contains a small amount of ethylene oxide. It 
was not possible to observe any features attributable to 
solid ethylene oxide in the infra-red spectrum of the 5% 
sample but its X-ray pattern showed no ice or ethylene 
oxide features. It is therefore thought to be almost 
TNpULToy tree. | The Yop (HDO) bands for both samples were 
broader, not as steep and straight sided and less pointed 
than those previously observed, as in curve b of Figure 8, 
and are referred to as U-shaped. The halfwidths were 
about 80 and 88cm + for the 2 and 5% samples respectively 
and the flat topped bands were centred at about 2428 and 
2424cm +, 

A total of five samples made:-from 1, 2 and 5% D.0 in 
H,0 by method 3 were studied. These samples should be 
homogeneous and should not be contaminated by ice or 


ethylene oxide since the work of Glew and Rath (82) 
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FIGURE 9. Absorption by ethylene oxide hydrate at 100°K. 
Curve a is from a pure sample while curve b is froma 
sample containing solid ethylene oxide. The arrows 
indicate the absorptions by the solid ethylene oxide. 
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FIGURE 10. Absorption by solid ethylene oxide at 100°K. 
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indicates that samples grown from a 12:7 mole percent 


solution should have a stoichiometry of 6*8C,H,0.46H.0 

and hence the solid and solution compositions should remain 
Ghemsame) throughout the; crystallazation., ~Ald, these samples 
had X-ray powder patterns which contained no ice lines. 

Vop (HDO) peaks in these samples were not as sharp pointed 
as those for samples prepared by method 1, and showed a 
gradation in shapes from an extreme U-character to an 
intermediate shape between that of the U and V extremes. 
The halfwidths ranged from about 62 to 84cm + and the 
frequencies from about 2417 to 2428cm.~. The weakness of 
the peaks in the 1 and 2% samples makes it difficult to 
measure the halfwidths or frequencies accurately whereas, 
in the 5% sample, some of the HOD molecules might be close 
enough to allow some intermolecular coupling with resultant 
broadening of the peak. Nevertheless the overall shape of 
the absorption was unmistakeable. 


Ice Ih is known to have a sharp-pointed ¥._ (HDO) 


OD 


absorption band with a halfwidth of about 18cm? at 


“ (203) and it was considered possible that small 


2418cm_ 
amounts of HDO ice in the sample affected the Yop (HDO) 
band. Therefore, the ratio of HOD absorbance to that of 
the 1268/1270 doublet was measured. Initially the results 
were complicated by inadequate resolution of the doublet 


but it was found that for the 5% samples prepared by 


method 1 the ratio was about 1:1 whereas for samples 
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Prepared by method 3 5it) layebetween,0 +s and 079, the lowe 


value being associated with the broader and more U-shaped 
peak. A low value was also obtained for the sample 
prepared by method 2 but experimental difficulties and 

the possible presence of excess solid ethylene oxide made 
this result unréliable. The Y op (HDO) bands were replotted 
on an absorbance scale and the areas were measured but the 
ratios were almost the same as those obtained by using 
absorbances. The higher absorbance ratios found for the 
samples that showed V-shaped Yop (HDO) peaks argues that 
LCGscbsSORpUtLOM does Coneribute: touthese peaks: 

This explanation was finally confirmed by taking a 5% 
sample prepared by method 3, and keeping it at -2°C for 
twelve hours in a closed vessel, before recooling to -195°C. 
This technique should produce some decomposition of the 
hydrate to form ice but there should be little or no loss 
Gf ethylene oxide by the bulk of ‘the sample since the 
lattice is not broken. Initially the sample gave a 


U-shaped ¥..(HDO) peak which is shown in curve b of 


OD 
Figure 8. The peak has a halfwidth of about 84cm +, a 
frequency of about 2423cm™> and an absorbance ratio for 

the HOD/1268em + peaks of 073. Atter"heating and recooling, 
the sample exhibited an essentially V-shaped peak which is 
Shown inoFigure ll. The peakshasva halfwidth of about 


79cm +, a frequency of about 2421cm + and an absorbance 


ratio of 1°0. The X-ray pattern of the warmed sample 
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FIGURE 11. Absorption by Yo (HDO) in 5% D,O ethylene 


oxide hydrate at 100°K. The sample was the same as that 
for curve b of Figure 8 except that it had been held at 
~2°C. for 12 hours and recooled. 
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differed from that of the initial sample by showing a very 


Weak™haze™ in the region of the ice “lines: 

From all this evidence it was concluded that the 
presence of HDO ice in the sample causes a sharper and 
stronger Vop (HBO) absorption and that samples prepared by 
methods 2 and 3 were usually ice free whereas those 
prepared by method 1 usually contained ice. The average 
Of the best ice free 52° D.0 in HAOsamples prepared ‘by 


2 2 


metneds™2"and"3 gives a@-halfwidth for Yop (HDO) Opnes cn 


at 2424cm >. The corresponding 2% samples have values of 


. at 2428cm + WhISe the ic has “a peak) Of halit— 


784~5cm_ 
width 70+~10cm + aca oouTe 2428em *, but this sample may 
not be entirely ice free. The differences between samples 
of different D,O content are probably not significant 
because of the low intensity of the peaks, the roundness 
Gre the “peak “andthe drrriculty of obtaining totally vice 
free samples. An overall value for the halfwidth of 

yp HEe, of about s0+loem > at a frequency of about 
2427#—30m + would seem appropriate. 

The Voy (BDO) band was studied in samples made by 
Mepnoade =) and 3 -L£rom "Solutions of US to 52 HO aig) Dj0, 
designated 99°7 to 95% D,0 Samples. The band must be 
studied in the absence of ice Ih or vitreous ice 
contaminants, which can enter during mull preparation, 


since both cause an additional broad absorption with a 


haltwvadeh or at east 200cm ~. The samples prepared by 
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method 1 had pointed V-shaped Voy (HDO) bands which have 


haltwidths as low as Vee at about 207 5emun as shown in 
Figure 12a. However, these were believed to contain HDO 
ice because of the method of preparation, the band shape, 
the halfwidth ‘and the X-ray photographs. 95-5 and 97-75% 
samples made by method 3 were therefore studied since 


they were believed to be ice free. These four samples 


give broad featurless bands which have rounded tops, as 
shown in Figure 12b. Because of their shape it was 
difficult to ascertain either the halfwidth or the peak 
frequency accurately but the average values are about 
125t~15em + at about 3272:Nlo0cm ?. 

4.3 Absorption due to the Guest. 

The absomptions due to the ethylene oxide molecules 
will be discussed generally in this section and the 
detailed assignment will be considered in the next section, 
section 4.4. 

The ethylene oxide absorptions caused by intra- 
molecular vibrationssmustebesstudied.carelullyin-boeth 
the hydrate and deuterate because the strong, broad, water 
absorptions often obscure the weake,. Sharper ethylene 
oxide bands. It is also essential to examine samples in 
all three mulling agents because some of the weaker guest 
features are partly covered by peaks of one or more 


=i! 
Muiling agents. A case in point -=is the 1122 7and Ui4/cm 


peaks, which are only observable in propane and propylene 
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D ICM 
ELGURE 912). Absorption by V,, (HDO) in ethylene oxide 
deuterate at 100°K. Curve a is from a sample contaminated 


with ice I while curve b is from a pure sample. 
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and, even in these mulling agents, the peaks are partly 


obscured. Further the low concentration of the guest in 
the clathrate, about 13%, necessitates a study of very 
thick mulls which often have strong background absorption. 
Hence extreme Variable Scale Expansion must be used and 
this raises the noise level thereby hindering the study 
further and requiring slow scan speeds and high time 
constants." .f is not surprising, theretore,, that tie 
early studies only located the 1270cm™ + absorption in the 
hydrate. Improved mulls, more finely ground samples, and 
better spectra eventually led to the identification of 
the ethylene oxide absorption features designated by the 
betters: &.0. 1n Vable Ji. Fricgumes => — §/ show the overall 
spectra of the hydrate and deuterate whilst more detailed 
spectra of the intramolecular ethylene oxide absorptions 
aremshownrin Figures  J3a,el4a, l4b7) lope Loe. 

The authenticity of these absorptions was carefully 
checked by using different mulls, different mulling agents 
and hydrate or deuterate samples prepared by different 
techniques. The final contunmalwon sthet tie peaksewere 
due to enclathrated ethylene oxide was obtained when mulls 
of a sample made by method 2 showed all the absorptions 
associated with the guest together with additional 
absorptions at the frequencies at which solid ethylene 
Oxide absorbs. Curve a of Figure 9 shows Che spectrum 


between 750 and 950cm + of a pure hydrate sample at 100°K, 
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prepared by method)3, and uncontaminated by u.ceror 


ethylene oxide. The broad absorption is the Y.. (H,0) band 
whilst the features at 805; 808, 864 and 890cem + are 
associated with the enclathrated ethylene oxide. Curve b 
of Figure 9 shows the analogous spectrum for a sample, 
prepared by method 2, containing excess solid ethylene 
oxide and, for comparison, the spectrum of solid ethylene 
oxide at 100°K in the same region is shown injFigure 10. 
The arrows in Figure 9 indicate the additional features 
in the hydrate spectrum caused by the solid ethylene 
oxide. 

The absorptions associated with te intramolecular 
vibrations of the guest ethylene oxide molecules are all 
sharp, generally with halfwidths of about 3 to Schad 
unless there is overlapping with other absorptions. In 
the region 2800 to 3200cm + shown an Curved, Ofehigure 13), 
six peaks are observed. The frequencies in the hydrate 
and deuterate are almost identical, the greatest 
difference being 3em + for the peak closest to the Vox (159) 
band maximum. The bands are best seen in the deuterate 
where the frequencies are 2914, 2922, 2958, 2999, 3008 and 
Ace The resolution in this region was about aaa ey 
iy O0Gereno peak is exceptionally broad with a halfwidth 
of almost Morea oe The weak Freon 13 absorption in this 
regioneis indicated ani’Figureeloeby* dotted Manes. 


Figure 14b shows the region between 1450 and 1500cm+, 
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Absorption by ethylene oxide in ethylene oxide 


FIGURE 13. 
and in liquid ethylene oxide 


deuterate at 100°K (curve a) 
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FIGURE 14. Absorption by ethylene oxide in ethylene oxide 
hydrates (cunve a) and in ethylene Gxidesdeutcrate 

(curve b) at 100°K. The dashed line indicates the curve 
approximately corrected for absorption by the mulling 
agent. 
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where there are two peaks due to ethylene oxide absorption. 


Ther soccur ar 1466 anc 1489cm™+ in the hydrate and 1467 
and 1491¢m 2 in the deuterate, but they are so weak that 
theysare not readily observed, and hencerthe ditterence 
in measured frequencies is not significant. Weak Freon 13 
abseCeee1 On occurs in Ehis Feqton and the dashed line an 
Figure 1l4b indicates the estimated deuterate absorption. 
It 1s conceivable that very weak shoulders are hidden by 
the mulling agent absorption. The peak halfwidths are 
about Ne 

The strongest guest absorption in the hydrate occurs 
at 1268em 4 and was the first to be observed. In the 
deuterate, this peak is situated on the side of the 


¥, (D,0) and 2¥,.(D O) (band jend, >consecuently,;, the back— 


2 
ground transmission is low and a detailed quantitative 
Studvyais Very ditiicult s.pnowever, the Cwoepeaks are 
Gualteacively identical. Under moutine study, ats about 
Thelen te resolution, a siiall shoulder is observed on the 
high £requency side of the peak. At va resolution ver 

O- demi the shoulder becomes an incompletely resolved 
peak at 10cm. but the low energy at this resolution 
necessitates the use of high gain settings, long time 
constants and exceptionally slow scan speeds and, 
consequently, the spectra have much higher noise levels 
than would normally be acceptable. Figure 15 shows a 


smoothed drawing of the band and is based on many high 
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FIGURE 15. Absorption by ethylene oxide in ethylene oxide 


hydrate at 100°K. The instrumental resolution was 0-4cem + 


and the noise has been smoothed to show only the 
reproduceable features. 
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resolution studies on different samples. From these 


studies it seems clear that the inherent line width of 
the components prevents further resolution. The half- 
width of the doublet is only about 4om 7, Two very weak 
peaks are also observed, on either side of the main 
ADSOEDELON, 4 tabOute 12> 5mend Ie ces The relative 
absorbances of all these four features were measured 

from the spectra with lower noise levels. No significant 
differences were observed between samples prepared by 
different methods. The absorbances of the 1255, 1270 and 
1282cm + peaks were, respectively, about 3, 58 and 7% of 
the main 1268cm + peak absorbance, but the variation 
between different mulls, even of the same sample, could 
be at least 1/3 of these values. These large variations 
were probably due to the difficulties involved in 
obtaining good spectra and to the overlapping of the 
peaks. 

The two weak guest absorptions in the region 1110 to 
1160em7> are. shown in Figure, 144.0) hey Occur ine the 
hydrate and deuterate at about 1123 and 1147em + but are 
panerally Gbscured by all three mulling agents §inv the 
figure the dashed line indicates the approximate hydrate 
absorption resulting from subtraction of a weak propylene 
peak. Owing to the weakness of these absorptions the 
exact shape of the bands is uncertain, and any weak 


shoulders present would probably not have been detected. 
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Below 1000cem + the deuterate has two clearly 


observable ethylene oxide absorptions, both with high 
frequency shoulders, as shown inmicurve a of Figure 16. 
The band at 872cm + is the strongest ethylene oxide 
absorption in the deuterate spectrum and has an 
unresolvable shoulder at 88lem +, The halfwidth of the 


I The feature at Aistaue 


overall band is about 15cm. 
with a shoulder at about 808cm > is much weaker and the 
combined band has a halfwidth of approximately Bom -. The 
weak Freon 13 absorption in this region makes the study of 
the shoulder difficult, but the probable deuterate 
absorption is shown in Figure 16 by a dashed line. It was 
also possible to observe these bands in samples in which 
the mulling agent had evaporated, although the noise level 
and background transmission were poor. The bands appeared 
to increase in breadth when the sample was warmed by about 
70°C, and they became narrower as it was recooled, 
although they did not return to the exact shape exhibited 
when the mulling agent was first removed. This apparent 
discrepancy may have been due to poor temperature control 
because of inadequate heat transfer. 

in the hydrate the Vp absorption occurs between 650 
and 1000cm + and is rather unusual in shape by comparison 
with that of the deuterate or ice I, as shown in curve a 
Of Figure 9. it is clearly winitiuenced by the presence of 


ethylene oxide absorption but the band is not a simple 
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Superposition of the ethylene oxide peaks and the Y, ( 
bandeoteice. sIniparticulan, the steep rise at S64emi, and 
the shoulder at 890cm + do not correlate with the ethylene 
oxide absorption in the deuterate. A few other very weak 
features were occasionally observed in the clathrate 
spectra but these were not reproduceable. 

No clear experimental evidence of the absorption due 
to the intermolecular vibrations of the guest: molecule 
was obtained but arguments that lead to a tentative assign- 
ment of this absorption are presented in section 5.2. 

Before an assignment of the absorption by the ethylene 
oxide guest molecules in the hydrate can be made, it is 
first necessary to briefly discuss the stoichiometry of the 
samples used. Glew and Rath (82) have shown that the 
Stoichiometry of theshydrate varies slightly according, to 
Ehencomposs C1L0OnnCtatne Solution, trom which G1secrystal-— 
Po 2eds eclowcO ChemccnipcralCure On format Ons elles art ici, baw 
samples grown from a 7 mole percent solution of ethylene 
oxide in water have a unit cell formula of 6*53C,H,0.46H.0 
and contain 12-4 mole percent of ethylene oxide, whereas a 
13 mole percent solution yields a hydrate of composition 


Sede He O.f1on.O,;, Warch, COntalnoml2e./amole percent. or 


24 Z 
ethylene oxide, if the samples are formed at GpisGe 


Samples prepared by method 3 were grown from solutions 
containing between 12 and 13 mole percent of ethylene 
oxide at about 5°C and the product should therefore be 


both homogeneous and uncontaminated by mother liquor. All 
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the tetrakaidecahedra and about 40% of the pentagonal 


dodecahedra should be occupied in these Samples. The 
stoichiometry of samples grown by method 1 is less certain. 
HOWweVer, Sin all preparations at least 802 of the solution 
SOlldiri1ed at about 5 °C, and So the initial solutronmmuct 
have contained at least 7 mole percent of ethylene oxide. 
But, unless this solution were 12:7 mole percent, ‘the 

composition of the mother liquor would change as crystal- 


lization proceeded and a non-homogeneous sample would 


result. The average stoichiometry would be about 
6°4C,H,0.46H,0 and the grinding process should overcome 
any gross inhomogenities in the sample. Hence on the 


average from 20 to 40% of the pentagonal dodecahedra, and 
all of the tetrakaidecahedra should be occupied by 
ethylene oxide molecules in samples prepared by method 1l. 
No convenient technique was found for measuring this 
Stoichiomecry.  Untortunately oun X-ray phocograpns -coulad 
not be used for this purpose because, as the work of 
McIntyre and Peterson (83) shows, the lattice parameters 
for samples within our composition range are almost 
1aentical at -150°C.. In conclusion, the antensiaty of 
absorption by guest molecules in pentagonal dodecahedral 
cages should be about 10% of the total guest molecule 
absorption. At best, this intensity may vary by sa ractor 
of two between samples prepared by different techniques. 


TE is not, therefore, surprising that no such effect was 


Loenitie Led. 


7 Git nae 


ae) 7 


" Se ; vo : : : 
iedal ye ee i to. ayes ae ran Pa Te, 
a ie ah ‘gy bait - 
fit Oe sit { i=. ‘ahd coe ye ~~ fe inane rere 
i ‘ ie ; ms 2 - 
7 he } y ’ tart ve , = 7 — 3 amoli 1oL0 
et i hs id 4 . aes ees 
ive 4 i { 
Lie 1 » Lae, hie | ; 7 ' - 4 
“$4Gh) bad oes i | fit ;» fa : e WOge aia 
 ehiice Yo i \a f pati rand a han tadee ibe te 
\ 
wis 2 a lopet) S) r¢ fe ade, vii = 
/ ‘ % A 
i ‘ee ] j aly 
j % 
ay «| 
on 
a 
' \s f ’ 
ea i ° 4 
. ' ri nines naigintt 
> 7 
9 a 7 1 
; ay of ~\ ul rarer | ans pani eve “ts Jon 
* . ath ae ay rae 
} j ta +! . iw 
‘ ; 
a j } ve? : > 
La arid te Uae Le f ye pe / ; f is Ls 
: ‘ 7 
7 Ces: yy YU ‘a I ; ob) 
- a r! 7 4 a 
7 ae) P vs 


aut ay? Pe | gt {any & ayti 4 } JA | 
7 : ee of ve ‘ 7 " 
a maakt +4 ae den’) PaiL mry Drrens aol 
ve i) 
: y Tea 
: a no =e Re oo ba a hd) Ce 
- _ 7 ha 
Uf 1 


‘ a fe 


2 
7 


AES AL 
4.4 Assignment of Intramolecular Modes of Ethylene Oxide. 


This assignment will be made by discussing all the 
information available on the spectra of gas, liquid and 
solid ethylene oxide, together with the three most recent- 
ly published assignments. Where necessary detailed 
spectra, obtained in this study, of the appropriate 
spectral regions will be presented to illustrate the 
arguments. When this work was carried out the infra-red 
spectrum of liquid ethylene oxide had not been reported 
but the frequencies have since been tabulated (217). How- 
ever, no picture of the spectrum has been published, and 
no halfwidths were discussed. Figure 17 shows the 
Spectrum of liquid ethylene oxide at about -65°C. 

Ethylene oxide has seven atoms and therefore fifteen 
fundamental intramolecular vibrations. These vibrations 
form the representation SA, a 3A5 ae 4B, a8 3B. under the 
POLne Group Co. The As vibrations are the only infra-red 
inactive vibrations. A study of the symmetry of the 
internal coordinates, assuming that the ring angles and 
one angle around each carbon atom are redundant, shows 
that the internal coordinates form the representations 
shown in Table III. 

The most recent assignments are by Lord and Nolin in 
1956 (218) Potts in 1964 (205) and Aleksanyan’ and 
co-workers in 1971 (217). Lord and Nolin (218) studied 


the infra-red spectra of gaseous ethylene oxide and 
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BY THE INTERNAL 


COORDINATES OF ETHYLENE OXIDE IN THE 
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Raman spectra of the two liquids, whilst Potts (205) 
carried out infra-red studies on ethylene oxide and ethylene 
imine in the gaseous state and in solution. The Russian 
researchers (217) studied ethylene oxide-h, and -d,. They 
reported the Raman spectra of the liquids, and infra-red 
spectra of the gas and liquid phases and of solid samples 
formed by freezing the liquid. These had monocrystalline 
regions which were suitable for polarization studies. The 
three assignments, using gas phase frequencies except where 
indicated, are shown in Table IV. The frequencies of Lord 
and Nolin (218) are probably the less accurate because of 
their lower resolution. Condensed films of ethylene oxide 
(219) and ethylene oxide in an argon matrix (220) have 
been studied by Le Brumant using infra-red spectroscopy. He 
also reported together the Raman spectra of the liquid and 
solid @thylene oxide (221). ) le) Breuman’ jugnored actor 
GLOUDESDLEtLIng an hisiassionment Of The spectramom tic 
Ssolidwand polarization studiesshave leq sAleksanyan and 
co-workers (217) to interpret at least one of the features 
assigned by Le Brumant tO a fundamental as a facter group 
allowed or Davydov component. 

Several inconsistencies exist in the literature 
assignments Shown in Table wlV.6 ine A, CH stretching 
frequency has not been clearly located, and two assignments 


make it degenerate with the B, CH stretch. The A, CH, 
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indicate that the 


LZCis 


assignment was based on infra-red studies of the liquid, 


Or solid, or on Raman diguid studies respectively. 
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wagging frequency has not been determined for the gas and 


two assignments used the polarized Raman liquid frequency 
at about 1120cm + whulsic Potts (205) (locates it. ataapout 


1130cm +, The By ring deformation frequency has been 


- (20 S08; Pabowe Serie (205) sancdyaon, che 


basis of the solid spectrum, at 876cem + (AND oe Siteves Meuikeevesa 


assigned at 892cm 


resolution spectra of the present work show clearly that 


hHesfeature at s90cm — 


(2057, 8203 1s particivaveb=type band, 
and should not be assigned to a distinct fundamental. 


Finally, the A, vibrations are only clearly seen in the 


2 
iniva-redsspectrum ofethe solsnam(2l1/) and;Prencey «the 
earlier assignments of these modes (205, 218) are suspect. 
Unfortunately, only a few of the authors show spectra and 
these generally lack adequate detail. For these reasons 
detailed infra-red studies of the spectra of gaseous, liquid 
and solid ethylene oxide were carried out together with a 
Raman study of liquid ethylene oxide. The frequencies are 
Keporkea in Table VY. The band shapes Ol Pthe gas pase 
spectra were studied at about 0-8cm + resolution,and when 
clearly recognizable, are described as A, Bor C-type (222) 
invleaple Ve. Ueda and Shimanouchi (222) have caleulacedathe 
approximate band contours in terms of two parameters, x and 
vy, related to the moments” ofVinertia. Using the moments 

of inertia of Cunningham and co-workers (143), ethylene 


oxide is calculated to be of Type 23 of reference 222 with 


100 frequency divisions (222) being equal to about 64cm 
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OF FEATURES OBSERVED IN THE 


INFRA-RED SPECTRUM OF GASEOUS ETHYLENE OXIDE AT 300°K. 


3094 


S0Goe 


306) 
3057 
303) 
3022 
3018 
3014 


3005° 


2999 
29912 
2984 
29715 
2969 
2964 
2947 


29,30 * 


Baie 


Zoro 


2910 
282 


ZS 
2306 
Pate i 
Zl 


iS 1@ 12) i© 


2138 
2088 
~2024 
1934 
1839 
ISG 
e/a: 
ay 
b735 
b7 LS 
1701 
EGO 
1686 
1648 


1643: 


1636 
1626 
LGLy 
S02 


1498> 


1493 


47 te 


1457 
Lay 


2 tas 
2 Ome 
1264-9 


Qw. 
w.peak 
0" 
dip 
Q' 
Om. 
QO w. 
Qw. 
uae 
dip 
O* Si 


B 


1168 
UGO 
115.4% 
LTS Or 
Ll4¢s 
1144: 
p42 
del 33: 
ABN FC 
ANA 
1034 
O32 
1030 


900 i 
892 
0 
9 
ih 


ony les) tS) [9 ss wen Gn 1 


882° 
876° 

~872° 
864: 

~855 
844 
839-4 
821-2 
g16 | 


sos f 


peak 
dip 
peak 
Q 
s.dip 
sh. 


w.br.peak 


ae a 
m, . canes ™ er 


a : - 


> 


ie Le 
Wie itt tn a ae a 


(DNA mut det Soeraleyin Bhai ne ie a 
’ 


2694 sy oe . a BE OS 
: . . 7 en 
4 l i oa oe i Li * 7 , ft rm? 4 = 
~ - ; den bake 
pay CPR es iV 
Here 3 Wem 
) i i} ‘ 4) cel 
a - a 
s ci + w& : eit ‘ uf 
_ 
re irl { Ly 1 barks Dies 
f).; Tt A ah ea 
} 
: ot ry eX A ; 
_ , ow, 
» it { vw ayy a 
’ i ee ee 
d qi C4 
b ri pit j > f 
Let o's aah wy EB} 
| 4 | ano 
5 eat he ' a ae 


lat Ja ry 


le u a Ve ree a, 


7 
é < wie. Pepa ‘ ) le “pfs ; 
Peres ben het italy. IU 


a | e o ; 
is 4 ear ; y eonees 
' 
; 


ee fi e¢ , 


LS Y heat 
TABLE VVD. SPREQURNGTES SIN ave OF FEATURES OBSERVED IN THE 


INFRA-RED SPECTRUM OF LIQUID ETHYLENE OXIDE. 
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TABLE Vc. FREQUENCIES IN CM - OF FEATURES OBSERVED IN THE 


INFRA~RED SPECTRUM OF SOLID ETHYLENE OXIDE. 


THIS WORK REE REP. THIS WORK REF. Re 
100°K 219 Duis), O02 219 21 

90°K J0GR 90°K 90K 
393d BV Van Ws 2299 Ws 
So Ve Ws 2282 Ee slie < 
3858 w. 221 5a Sin 2274 
Boo Vv. Via 22688 W. 2266 
SUSU Mame oes 2A0T Wee 220: 
Sc 9) W . 2196 w. 2195 
SAUCY SCS 2116 w. 2s 
S074 s. 3073 3074 2084.V.V.Wee 
3064 s. 3061 3062 ZO G25 Vie Vaan cee, 
B0S25sh.? 3050 8052 20564 Ws 2054 

3038 ZOO TV = Ws 
3026 w.sh S026 2ZOL2Z9VeNe Ws 
3006) S.. 3004 3005 L950: wie 
2998s. 2994 2996 iWeleren aver is 
29 6.91 iii. 1/24 °V.w. 
ZOD LEO. 2950 1588 
29 L6.-S'. #2 lis: 2916 1584 m. 1583 1582 
29.0 5ieshiv. 2203 PRL ONS 56 
ZOD a eis 1496 w. 1494 1494 
2848 v.w.? 1482 w 1480 1480 
DAA, «Wis 1468 m. 1467 1467 
2614 w. 26.15 1462 w 1a59 1460 
20 UL Wi 2590 IPA SHS) Mgegict 1265 1267 
2576 v.v.iw.? ieversiey ay) SUS eet! E2 
Did ee We PRSENG) LG9 “im. iN ope uay SAE Ae) 
AD ru ew LOS: D6 6a Go 
DOGdi vy aw Eaten JEL Oi See Ge 

(eave Ss a 1147 


2520) 


| at eis. ee a ie 


ob i ae ' 
7 e “ nye rv ' 7 
oh ; [gk omeageed” : SMS? ‘ 7 e- Pe. . a 
i t 7 7 
OLyva Px oe des > oT aorty i. 
; Je my a 7 aie 7 had 
' # ij fere4y 3 eri yea : 
‘ % te i He. ' 1 . 
, et 0 eS ” ee a 
ew | 
= iia 
_¢ a 
{ 
: a 
\ a 
yi 
’ 
oe. i 
Py ~ 7 
. ha tJ de See x 1 
! oak 
' * : 
- 
pr 1 a 
La 
h nis 
; I 
) 
el t ‘ . 
ae Me | 
7? Bey f 
ae ry j , 
pi ett he OS j 
3b a9* y omev eas: : 
(cela... GitS A 


ash 
afi gi ss) : 
wm habe 
ine 


2 


i 2e 
TABLE Vc. Continued. 
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TABLE Vd. FREQUENCIES IN cm + OF FEATURES OBSERVED IN THE 


RAMAN SPECTRUM OF LIQUID ETHYLENE OXIDE. 
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Since the intermediate moment of inertia, I lies along 


B! 
ChesLwostold axis ,..an Ay vibration yields a B-type band 
with two broad peaks, Q' and Q" about ee apartywanard 
steep dipsin between them. The By and B, vibrations have 
Lie eransi tion) moments in, sand sout, of, the plane: oLmtne 
ring, respectively, and yield A- and C-type band contours, 
respectively. Both have sharp, strong Q branches and 

weak, broad P and R branches. Compared to an A-type band 
the C-type band has a more prominent Q branch and the P and 
R branches show more fine structure. The P and R branches 
peak about 27cm + away rom. thie Oy branch for sa, C-typesband 
and for an A-type band the analogous separation is about 
20cm +, 

Phe CH stretching vibratzons absorb ae, frequencies 
above 2980cm ~ and several strong overtone and combination 
bands are observed just below this frequency (205, 218). 
The By and B. vibrations are unambiguously assigned at 
3005°9 and 3065-2cm +. Subtraction of the P branch, 
iidpcated by the dotted) line inkFigure 13) (whichis the 
MueuOnemage OL the 2 branch lor tne 3065-2em ~ band, gives 
the dashed line in Figure 18. The shape of the residual 
curve indicates the presence of a B-type band at Sens 
This assignment is strengthened by the existence of the 
steep rise above 3018em ~, Which» only appears sto, occur) in 


the spectrum of gaseous ethylene oxide in B-type bands, 


aol 
and by the fact that the two peaks are about 10cm Gheyey ere, 
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ABSORBANCE 


FIGURE 18. Absorption by ethylene oxide gas at 300°K. 
The dotted line indicates the estimated P branch while 
dashed line indicated. the band shape remaining after 


Subtraction of this P branch. 
Gas Pressure was 17 Torr. 
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and are similar in breadth to those observed for the 
isolated B-type band at 2a Gee emia The Ay CH stretching 
vibration is therefore assigned at 3018cm + in the gas 
phase ss hes tcaturessatec06lLaand 2999cm + are then 
presumably due to hot bands or isotopic impurity bands. An 
alternative, but less likely, assignment is that the two 
peaks on either siide of -the Ws Cen GQupranciwmeaess0l4 
and 2999cm_*, avomtherOs andaQte branches sotatne | Beband-: 

This assignment, which was adopted by Potts (205), would 
not explain the sharp rise in the absorption above 3018cm +. 
Ruther atheszliquid®spectrum, jcurvesb ODtfigure Lo7eschows a 
slight but definite shoulder at roughly 3014cm > on the 
side of the 3003em > peak, indicating the existence of two 
absorptions in this region. The Raman spectrum provides no 
evidence relevant to this assignment because the spectrum 
is dominated by intense polarized lines, and it is not 
possible to tell whether the features seen under perpendic— 
Ulax polarization jare the depolarized components of tthese 
lanes? orkare due sco -enon-=totally-sesyumetmic modes; pein the 
hvdtrate two sharp absorptions anetseen at 3009 and 2998cm +, 
as shown. in curve.a of Figure 13, and these are, therefore, 
assigned to the Ay and By CH, stretching frequencies 
respectively. The B, VibratTon ass at 3066cem + and the A, 


vibration is not observed in the hydrate. There is no 


indication of factor group splitting for these vibrations 


iiache.sclathrate. 
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138 3 
The ethylene oxide absorptions in the hydrate and 


deuterate at about 1491 and LAg/cnaa shown in Figure 14b, 
are Clearly caused by the Ay and By CH, deformations 
respectively jr The absorptioneis.sharp,eand there isano 
Beliablesgindicatien OGehinessuructine. MyThesassranmenpels 
in agreement with the observation that the 1492cme> Raman 
peak in the liquid spectrum is “polarized. 

Figure 15 shows the absorption of the ethylene oxide 
inetheshydratevataldgtKeun thehregion 1240eto 1300cem + 
smoothed to eliminate background noise. Four features 
aeesobservedsat 1255, 12687180270 sand 1282emen. Clearly. 
the central band is associated with the Ay symmetric ring 
vibrations but the presence of four features makes the 
assignment difficult. Samples prepared by different 
techniques failed to show any significant differences in 
the relative intensity of these four features. These 
samples would be expected to have different stoichiometries 
and, therefore, different occupancies of the dodecahedral 
Cages IHence nonesof (these) features; canbe -assignedito 
absorption by guest molecules in these cages. However, 
the evidence is not definitive because the stoichiometries 
of the samples were not measured, and because the accuracy 
of the relative absorbances of the four features is low. 
The two weak features are about i3em™* away from the band 


centre and could be sum and difference bands with a low 


frequency vibration. However, Aleksanyan and co-workers 
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ch Siohe 
(217) have assigned a feature at about 1255cm ~ in the 


Spectra of the solid and liquid phases of ethylene oxide 
to absorption by Cao Caeg nO and this seems a more plausible 
assignment for the 1255emey peak. Hence all four features 
must be assigned to absorption by the Ay symmetric ring 
vibration with the speculation that some of the features 
are due to guest molecules in different environments. 

The infra-red spectrum of gaseous ethylene oxide in 
the region 1100 to 1200cm “+, shown in Figure 19, has been 
interpreted in terms of one A and one C-type band only 
(205, e2L/, 2i8).0 The intensely tpolanizedmramanpe lines at 


iio ecme 


has been taken as the frequency of the Ay 
Vibration (217, 218) or used to estimate the gas phase 
frequency (205), but no corresponding B-type band has been 
located in the gas phase spectrum. The unusual shape of 
both Q branches led to the idea that a B-type band might 
be located at about 1148¢em™* with the 1154-5 peak and the 


- shoulder forming the QO” and O° branches. in 


1144-1em 
Figure 19 the dotted line shows a.typical B-type band, 
copied from the 1270-3em + band and positioned to coincide 
with the vies peak. If thisyband is subtracted from 
the observed spectrum the curve shown in Figure 20 is 
obtained. This is clearly the superposition of an A-type 
and a C-type band at 1150-6 and 1142-0cm” respectively, 


together With a small) contribution trom hes tei ior the 


1270-3cm + band. The R branches of the two bands overlap 
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1422 
to ~ give the peak-at—-about-1170cm 4 whilst the P branch of 
the A band gives rise to the peak at about 1135em and the 
P branch of the C band causes the peak at about iviour. 


Hence the Ay wag is assigned at SW bYerig on, the B, wag at 


at 


125026 and the B. twist at 1142-03 mAn alevernative 


assignment is to place the Ay Vera One at aie Glpiliat 
1138cmt, but this would not explain the other features so 
veadilyvand hence it will noteve discussed further, — the 
infra-red and Raman spectra of liquid ethylene oxide each 
show two bands, at about 1122 and i eileag The low 
frequency Raman band is almost totally polarized and hence 


il 


must be the A, wag. Therefore the Wi5icm! —band as due eto 


iu 


both the B, wagging and the Bl twisting’ vibratrons. — in 


1 2 
the hydrate and deuterate the two bands at 1123 and 
1147em™* are assigned in the same way. The frequency 
difference between the gas and condensed phases is the 
strongest argument against the assignment of the Ay CH, 
wag at 1148cm * in the gas phase. However, quite large 
gas-liquid frequency shifts are observed for the bands 
between 800 and 900cm -, and therefore, this argument is 
not compelling. 

The broad infra-red absorption by gaseous ethylene 
oxide which stretches from 780 to 940cm 7 is shown in 
Prcuve cle. tte-clearly contains a B-type band, the Ay ring 
deformation, at 876-9cem + and a Q branch at 821-2em ~. 


However, the low frequency branch of the B-type band is 
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unusual in shape, the region between 825 and 875em ~ has 


many features and the P branch, associated with the 
asymmetric Q branch at Sp aleersn a is steep-sided, as is 
clearly seen in the upper curve in Figure 22. The intra 
red spectrum of the liquid shows peaks at 864 and 7990m + 
with a shoulder at giscem —. The 864cm ~ peak is unusually 
broad as seen in curve b of Figure 16. The Raman spectrum, 
shown in Figure 22, has depolarized peaks at 807 and 
Ser. with slight evidence for the doublet feature of 
the 807cm + peak listed by Le Brumant (221). Because the 
867c0m + peak is not strongly polarized it seems. likely 
that more than one fundamental occurs in this region. This 
would be in agreement with the existence of a weak Q branch 
contributing to the low frequency peak of the B-type band 
at about Sapien This’ Q branch could beXthe By rang 

Vibra oLOn-Olethe Bo rock with a slight preference for the 
former assignment since the By Lengeva bration an other 
three membered rings is usually observed at a frequency 
intermediate between the two Ay Ying Wibrations -(205,7 223)". 
The former assignment would also agree with Aleksanyan and 
co-workers (217) who assigned a band at s7écm — in the 
Sold. co this By ring Vilbrecion.? Hencer thesO\ branches. 
Gone cnee must be assigned to the By rock and its unusual 
Shape may be due to the tail of the 876-9cem + band and to 
band asymmetry. An alternative assignment of the By ring 


vibration as the cause of the unusual shape of the peak at 


Bie yhebinowsias at Fi gate ke: - ior 
~@42102 eer, xis estvel! ie BVEh> Locka” 4 a ad 
i ara ban B00) 74 45 yy eee fa! ee od 0 
Gh telegilul ws anse *" man G8 Sct os nto2Ee ad's har 

ja ttseq? naval GAT) ok. & weit .2o.s sayy ob Hawn 
sae: SAT se. adeq Red lintuqeS ean as 2 | 
eviseas delGeon jolt x0; atest uly rihghe a aE « 

fd 4098 WERE) Mie ag YS vatarg WaeQ ‘ 
ofa ddl anetih 2a perc: , q . yiie: $Qa' bs | 
spit” \tokpés oittd AP esasos Ce eign iat, one wait Hom 
(Wiverts?: Oo tact S Sun Ite an ot SLR 1uQeAgays nk od t 
Hii ne 3 ait 26 den vornsiapas> WC Bit. OF , 

pars (2 at! a0 Gib ane 9D ecet me sy | inade 15. 
ms aw) veer 209q Sifpaline wees isoer’t <4 mis te nite iy 

Miya ns pos qty DAZA se s2hie Jeormplaae * morx 
os ie 

VaAsi peut 3 » beveuelis vile@eu. 2b sek Soeaa tad 

ARM: .70t) eaigPuudiye $784.) ot om ewe 
BHD MP VRASOLAR AIL ARTPS Ovim Shy ssraey awa 
os we CS iat Se Rial i lore vee eee (vaey 


$8 sonakd 0 at? woe jn my 
- £étreunet ae baw “om 94 ath ee sanye 


ao tae tier * RAUTIEE ye to ttes ot 


e4 


tdi je Baampains we Pats 


iv4 ' 


p ee eee: one 3 


Wi 


145. 


Hj 

+ 

Cc 
i 
ae i 
wie 
ZG 
da 
b- 
Zale: 
eA 


FIGURE 22. The Raman spectrum of liquid ethylene oxide at 
300°K. Curve a was observed under parallel polarization 
while curve b was observed under perpendicular polarization. 
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C2 2Cm 1S possible but all attempts to locate the 


frequency of this BS vibration by band contour analysis 
have been unsuccessful and the former assignment is 
preferred. The deuterate shows two peaks and two shoulders 
in, this “cegion, Figure 16. “Accepting the initial gas phase 
assignment the features at 872 and 88l1cm + must be due to 
the Ay and By ring deformations whilst one of the features 


at 810 and 807cem + must beyduesto thesb~ rocking vibratiGn. 


2 
Perhaps the other feature can be assigned to the A. rock 
which has been assigned by Aleksanyan and co-workers (217) 
at g18em > in the infra-red spectra of the solid. The 
feature observed by us at gisem— and by the Russians (217) 
at glgem ~ slo) helet=y slveWmrarsconaeyel Clelevelsraob) Yepe Aelove: JEkenbhke: ‘ates Eo leve) 
been assigned to this vibration. Hence, the absorption at 
Blocm + in the deuterate is probably associated with eae 
As rocking vibration, and the more intense band at BUyoma 
is assigned to the Bo TOC: 

The assignment of the ethylene oxide vibrations in 
thesgas, liquid and clathratesphases 15 summarized ain 
Table VI, using the frequencies obtained in this work. 

The only observed absorptions due to ethylene oxide that 
have not been discussed are the overtone and combination 
bands at 2914, 2922, 2958cm >, In the spectra of pure 
ethylene oxide numerous additional features were observed. 


The only attempt to assign any of these features dealt 


-] 
with the Q branches between 1600 and 1700cm and the 
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TABLE VI. PROPOSED ASSIGNMENTS FOR FUNDAMENTAL ETHYLENE 


OXIDE VIBRATIONS IN GAS, LIQUID AND CLATHRATE. 


CH stretch 


CH. deformation 


Ring vibration 


CH, rock 


CH, twist 


GAS 
3018 

not observed 
S009 


S06 5m 
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not observed 
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not observed 
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LIQUID 


3014 


3003 


S07Z 
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features between 1025 and ie The assignment of 


the Q branches was unclear and because of the possible 
influence of very small concentrations Of impurities no 
conclusions could be drawn. AYstrong band® at 1045cem™* 
occurs in the infra-red spectrum of the solid and has been 
ecstoneda (217, 219) to the Ay twist. Very weak features 
at 1033cm™* in the liquid infra-red and Raman spectra and 
at 1029cem "+ in the infra-red spectrum of gaseous ethylene 
oxide were similarly assigned (217). These features were 
musor Observed in this work but the. tband anetiewgesspiase 


SBpecerum Cannot be an AS Vibration and acs) origin is 


2 


unknown. 
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5.1 Absorption by the Water Molecules. 

The absorptions by the ¥,(H,0), ¥,(H,0) ana Y, (1,0) 
modes in the hydrate, and their analogues in the deuterate, 
have the same general appearance as those seen for other 
phases primarily containing disordered water molecules: 
LCes 1h, boy Vrond .VE (176 2/00) Theemainetactons 
influencing these absorptions have been discussed 
qualitatively by Bertie and Whalley (176). In particular, 
Since there is no order in the hydrogen positions, there 
are no strict selection rules and all vibrations are in 
principle infra-red and Raman active. Further, at 77°K 


L , 4. - ; 1 ot 2 ) 
the most intense Raman bands im the toy (HO) and Wp (P59) 


regions of the ice Ih spectrum are at 3085cm) ~ and Doe sens 
respectively (224), and thus occur at frequencies well 
below the frequencies of maximum absorption in the 
Corresponding broad, infra-red bands. In addition, the 
features in the Raman spectrum are much sharper than those 
in the infra-red spectrum. Hence, the relative intensities 
Orethe dieterent Crystal Vibtations cr icing 1 Lol, ticsOnwor 
OD Stretching modes must vary consaderably from one crystal 
vibration to another, and must differ markedly between the 
intca-cred and Raman spectra.» Lb ws) COnVentene pe cicrerore, 
to regard the broad absorptions as being made up of a 
density of vibrational states curve multiplied by an 


intensity distribution function. This intensity 


<a) ADEE GEM ott e 


> 


iene LT 5 age ona) seg 
aang ue AL er not pue Stearn bin ont 
‘ibn aT Ween moti <h ice regyT Letaned omse-e 
mtiinoaeivd "ave@w a nate is) vie hares iow 
azo nie alt Ll i | Ath) wis patho 
Ss wasten ts Aska oni’ Seoye ppiopae sats 4 
Ctpiug li warps . A401} YoLlace Bas Se i209 qa. sone 


hoya) , wre hh oQ) ware vl aia Ob Gated’ Gat ee 


‘i ete winasadtl me fia “ew A tas bee nrste 0 
v.26 5 se } ae , te 249 -extna es rm 
0 yee ea iistit ff as Bb4qee Avtan ‘nmandetd 
cout Y Hhivk | MmueoonR Fe Od yonty@ At ou! mld so, 
, ei iin woeid Je tess abit Den , RS) bavi 


au nt nblaowowedls peel hae ‘bo wetaneupet?’ wv 
Py yrde? Lae "t Hond boer-awtel peep gk yoqneaie ) 
seat ool? Date iw fi>pn ote mayougn agmelt etd ak sia at fs 
galsicwetr: Wt3aieq' “i ,nongt Ge bwt-ar tad : hs oo 
follig angie: MeAlIh: sowie he LasaysD , swage 
Bava ali ray gibi, Lewes say Jam pibow @ ‘i 
at pate. Ht nin Keubaikd Seesany tae py arm 
serrigralt daphne ni 32 Sail ’ 


150. 
distribution function can be very asymmetric with respect 


to the band of frequencies resulting from particular modes, 
as must be th 1 
S e case for the DF HeO) and VG) bands, 
at least in the Raman spectrum. 
Early workers assigned the peak and two shoulders 
seen on the Y__(H O) band in the infra-red spectrum of 


Olawe2 


Naey Witomene symmetric, Me and asymmetric, .) stretching 


3/ 
VebeatLenswand to the overtone, 29,1 Orpmcthe H-O-Hvangile 
deformation mode (225 - 227). There was also some 
discussion as to the relative locations of the V, and v, 
modes (225 - 227). Bertie and Whalley (176) pointed out 
that at least six spectral features (five infra-red and 
one Raman) arise from the 5 (D,0) vibrations, and there- 
fore the true assignment must be more complicated. They 
also pointed out that, because of the disorder, the 
intermolecular coupling will cause not only the symmetric 
and asymmetric modes to each yield a broad band of crystal 
frequencies, but will also cause the two modes to couple 
Woenm tied 7 mrequencles, ere) simi lar es nusmune dens? Ly sos 
states curve could contain many features. They, therefore, 
sug@estede.@1/6) that thecassigument of tthe Three main 
features to Wa v,, and 2%, is ambiguous and questionable, 
and that it is not necessary to invoke the appearance of 
2%. in this absorption, although it could contribute. 


Wenders tiewcdetails of the form of the crystoalsvabreations 


which contribute to the spectra at the various frequencies 
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Leas 
and the reasons for the features in the intensity 


distribution functions are unknown. Therefore,no detailed 
assignment of the Magill, and Vp (P50) bands: in? ice 
OV In *theeclathratéescan bewmade. 

For many systems, more detailed assignments can 
generally be =made by calculating» ayspecerum and@rerining 
the parameters until the observed and calculated spectra 
agree closely. In the case of systems which are mainly 
composed of disordered water molecules and which show very 
broad bands in their spectra, it seems likely that 
calculations will not yield a definitive interpretation 
until the same model is applied to the spectra of many 
such phases, because of the disorder and the possible 
complications arising from hydrogen bonding. These 
calculations have not been made and are not readily carried 
out. Therefore the discussion of the present work can 
Only pointe Out'=certain Spectra-cenueture eer relacrons thet 
any such theory must explain. In the following discussion 
only therine luence*ol tthe O-O hydrogen bend tengths=am the 
various phases will be considered. Even with this 
Simplifireation, the conclustonsware, lamiuced= == therezore, 
Theres eeems’ to be no jJUStitf1cacion Lor Orscussing an cecal 
the influence of the O-O-O angles or the effect of other 
than mearest neighbours except to point Out thac™ the’ angles 
arouna each Oxygen atom an the hydrate are not ald 


tetrahedral, as they are in ice I, although the weighted 
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average is 109-6°, and that the arrangement of non-nearest 


nNerghbourswis: Guite dutterentitromethat. imeicenl. 
In ice Ih all of the 0-O bond lengths are very close 
° 
EOe2 VGA ate lO07K (182) 42h85)), swhi Ver dinethe hydrate n523 of 


° te) 
EhegO-Osbondsipare2 </5 Along e263) are 2°78 5A long and the 


4 


remainder are either 2°74. GG 2°82,A long. These values 
for the hydrate were obtained from the values at -25°C (81) 
by allowing for the approximately 0°8% contraction between 
248°K and 100°K indicated by the work of Mcintyre and 
Peterson (83). A comparison of the ro) bands, and 
also the Von (B50) bands; ,ainethesnydreterandyin dices ih 
shows that they are very similar, but the hydrate features 
are rather broader, causing this spectrum to resemble a 
poorly sresolved .spéectrum+o£ fice 11.) (lt sis; stherefore, 
reasonable to conclude that the main features of the 
hydrate: and ideuterate ispectra are determined iby ches52% of 
the O-O bonds that are Jere long, the same length as 
OCGuESu In’ LCed .» The breadth .<of the Geatures ivou la penen 
be interpreted as arising mainly from the 26% of the bonds 
about 2° 79K Long wathi-small lem-etiects scausedvby ethe 
remaining bonds. Phenomenologically the spectra and 
structures of the hydrate and ice Ih can be related in 
this manner. Such an interpretation also accounts for the 
identity of these bands in ice Th and ice tc, \both of 
which contain only O-O bonds about 2° 75K Michatep: Aline ea) ery age tag 


The rationalization of the shape and frequencies of the 
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Loss 
Yo (459) and Wei (D0) absOnptionsVin=icesyV™ (177) -and v1 


(200) is less easy, because they do not show one peak and 
tCworumain shoulders, as do those of the hydrate, ice “Ih and 
ice Ic. However, both ices V and VI contain a roughly 
equal distribution of O-O hydrogén bond lengths from 2-78A 
to 2+ 840 (LOG L195 )}tand Levis perhaps; notssurprising 
that the absorption is shaped differently from that shown 
by the ®simpler structures © Further icés*Vv and *VI “are 
partially ordered (166, 195) and this could well influence 
the spectra. 

From theoretical considerations, one would expect the 
vibrations of the hydrogen atoms in the bonds of different 
lengths in the hydrate to have different frequencies, but 
to interact to yield crystal vibrations that simultaneously 
involve the atoms in non-equivalent bonds. Therefore, one 
would expect the density of O-H stretching vibrational 
states tojberquite different an the thydrate and im ice ih. 
One would also expect the intensity distribution function 
PORedtErerm YSigqniricantly between = the two ephases!.. "however, 
the experimental evidence indicates that, because a peak 
and two main shoulders are seen for both the hydrate and 
Pceal weneauther tihesdensi ty OF sseates *cunveinor the 
intensity distribution function ditter greatly between “the 
two phases. However, it is just possible that the 
coincidence occurs that both differ significantly but that 


the differences in each one exactly cancel. 
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154. 
The most plausible explanation of these observations 


is that the random orientations of the water molecules 
Causes» the intermolecular fcoupling torvary from site to 
Site in the Lattice, and that the density of states curve, 
which results from the average over the whole crystal, is 
similarsinebotht phases? sRhurtherprthesi ntensity 
Gdustribution function musteresust secomasomesaverage yor, che 
effects of the disorder over the entire crystal, and the 
function appears toibe insensitive to the-structural 
differences that exist between the hydrate and ice Ih. 

The V, (H,0) bandmingthepantra=redrcpectEum sorarces tL 
extends; irom -ataleastslLO505to 400cm + with the most intense 
absorption lying between 750 and 920cem ~ 1) On) ea 
contrast, heat capacity measurements have shown that the 
GONE Lbutiongor Y, (H50) can be approximately represented 
as that of 3N: vibrations each at 620cm + (228, 229). Hence, 
tiethe centre of gravity of the v, modes is at 620em 
then the high frequency modes must absorb infra-red light 
much»moreystrongly than the other modes. and the intensity 
distribution function is necessarily very asymmetric with 
Kwéespecteto.the bandsof crystal Tyequencies: «ihe close 
similarities between the W, (D0) absorptions an Gece deand 
in the deuterate indicate that the clathrate also has a 
very asymmetric intensity distribution function. 

Aecomparison of thesstuucturessot Besse id 8een5l 35) ,, 


Vv (66) and VI (195) and ethylene oxide hydrate (81) shows 
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thatithere tare 4, 214, <l0tand 46awater molecules in their 


Prim tive mum b aece Mier. Because the Vp (H,0) absorption 
bands of ice V and VI differ from that of ice I much more 
than does the analogous band of ethylene oxide hydrate, 

it is clear that the spectra are not seriously influenced 
by themsiZesorgehesundwercel!. Sehurthenpatnesphases 

contain l, 4, 2 and 3 crystallographically non-eguivalent 
water molecules; respectively, andj itis ‘clear thatitthis 
factor does not influence the spectra appreciably. The 
absence of pronounced features in the ve band¥o, ces mi; 

V and VI and the deuterate makes it difficult to interpret 
these spectra in terms of O-O bond distances, but it does 
appear to be most probable that the density of states 

curve for rotational vibrations and the corresponding 
iieensiiby di stributzon (hunctrion tare very sim larnain D0 ice 
Lhvand the: deuterate in ispite of the structuralmdiiterences 
between these phases. 


¥ 


The shape of the ¥,, (1,0) band in the hydrate is 
Clieanly abtiected, by tthe: presence’ Ofiethyiene oxide 
absorptions san aimanner whichis mot justuarvsampleraddieion 
of intensities. These changes in shape indicate that 
coupling occurs between) the Y,. (H,0) vibrations and the 
intramolecular ethylene oxide vibrations at about aOenton 
Such coupling may occur either through transition dipole- 


transition dipole interaction or via a mechanical resonance 


process through the intermolecular forces) andewiain be 
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discussed in the following section. 

The conclusions “dérived"from the similarities ofathe 
V, (D509), ie nO) and vey oe) bands =iniweée Leand@the 
hydrate presumably also apply to the v, and 3, v, #V5 
Dands *because of their similarities inethewtwo spectra. 

Between 360 and 100cm™+ the hydrate and deuterate 
have broad absorption spectra with no particularly sharp 
features. The band shifts by 3% on deuteration, clearly 
indicating that the dominant absorption arises from the 
translational vibrations of the water molecules. However, 
the peak isotope shift is slightly less in the hydrate 
than itis in ace. TFeand) thilsewilitbe Urecussed® later. 
The breadth of the band and the appearance of structure 
upon it clearly indicate that the water molecules are 
statically disordered at 100°K, thereby confirming the 
previous studies which were discussed in section 1.6. 

Application“ of -the™theery for absorption bye@trans= 
lational vibrations in orientationally disordered crystals 
(196) to ethylene oxide hydrate leads to the prediction 
thatthe spectrum is a superposition’ of "broad absorption, 
arising from the’ random part’ Of the dipole? moment 
derivative, and sharp absorptions,” arising#irome the 
average part of the dipole moment deta vVatiye »eSecrions 2.25 
te broad absorption approximates the density Oly states 
weighted by frequency~squared while the sharp absorptions 


are due to transitions allowed under the factor group of 
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the diffraction space group, Pm3n, Os . Nine F water 


h el 
translational modes are infra-red allowed by the hydrate 
diffraction symmetry, as compared with none in ice Ih or 
ice Ic (198). The absence of the predicted sharp features 
from the spectrum (Figure 7) must occur either because of 


errors Im the theory or because / is very small or 


Ses 
zero. The latter explanation seems the more probable and 
can be rationalized simply in the following way. For each 
crystallographically equivalent O-O hydrogen bond the 
hydrogen atom must be positioned either as O-H::-O or as 
O° *+H-O. The change in dipole moment when an O-H:>--O bond 
is stretched must roughly oppose that when an O:°:H-O bond 
is stretched, and for a totally disordered system of water 
molecules Mo, must be very small. Support for the view 
that the theory is correct arises from studies of ice V 
and hexamethylenetetramine hydrate, both of which are 
partially ordered and show sharp features in their far 
‘infra-red spectra assignable to transitions allowed under 
Cheud1 peraction Lactor GroOUpr( 202) ebecause on sie 
absence of Gifftraction factor group allowed transztions 
the hydrate spectrum arises from disorder allowed 
absorption and the curve shown in Figure 23, which 
presents a plot of the absorbance divided by the square of 
the frequency against frequency, approximates the density 
of states for the translational modes of the water. 


erik 
Figure 23 is not extended below 100cm because of the 
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FIGURE 23. Graph of (log, t/t) yes against y Lor 


ethylene oxide hydrate at 100°K. Calculated from the 
wunbabelled+-curvelhinatheruppersboxcol Figures. 
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1592 
possible contribution by the guest molecules in this region. 


The spectrum of the hydrate, and its relationship to 
the spectra of other phases primarily containing orient- 
ationally disordered water molecules, can only be under- 
stood in détaivl in terms Ofethe Grystalestructuressand 
intermolecular forces when calculations of the dispersion 
curves and density of states curves become available. 
These calculations are both costly and time-consuming and 
were not carried out im the present work. The Vp 
absorption cannot, therefore, be assigned or understood 
from a theoretical point of view. However, a comparison 
of the structures and far infra-red spectra of five phases 
formed by orientationally disordered water molecules 
suggests an empirical correlation between the frequencies 
at which strong absorption occurs and the number, length 
and distribution of O-O hydrogen bonds in these phases. 
Table: Vil summarizes tne. Srructitaledae tay tor. pces theless, 
To (184), V" (166) and VI (195). and ethylene oxide Shydrate 
(Bip moo) at LOOK togethervwith the) corresponding iar 
Tero ted) Gaia, (1/5 voy 200) 

he spectra Of ice Ih vandeice 1c both contain=a 
strong, rather sharp, peak centred at ese (19 8). 
This can be related to one type of hydrogen bond, 2+ 754 
from oxygen atom to oxygen atom. Both spectra also 
contain other, weaker features and it is a limitation of 


this proposal that they must be neglected. The spectrum 
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TABLE VIL. STRUCTURAL DATA IN A AND FAR INFRA-RED DATA 


IN CM 


PHASE 


eles Wire) 


TCeeV 


ilfexe VA! 


ethylene 
oxide 


hydrate 


HOReI CESS Lyell cre ONDE VI 


CLATHRATE VAYORATH ZATS1 O00 OK. 
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BOND 


LENGTH 
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of ice V contains a broad peak, centred at 200cm +, with 


a halfwidth of approximately 50cm + (175). The frequency 
of the maximum can be related to the weighted mean O-O 

bond length of 2° 797K while the breadth can be taken to 
reflect the relatively equal distribution of O-O bond 
lengths with a mean weighted deviation of 0-021A. The 
Spectrum of ice VI contains a broad peak centred at 187em 1, 


and a shoulder at ieavenne (200). “Tne overall na lt—-wrdetn 


of the peak plus shoulder is about Boat The peak 
frequency can be correlated with the weighted mean O-O 
bond alength oF 2+ 813A while the breadth can be related to 
the relatively equal distribution of O-O bond lengths with 
a mean weighted deviation of 0-022A. 

The strongest feature in the hydrate spectrum is the 
peak at Foo ene By comparison with the data on ice I, 
fits’ can’ be related "to the 52% of 0-0 bonds that are 
Doss long. This peak is broader than the corresponding 
Peak tn wee 1 and the broadening om the high = requency side 
can be related to the 9% of 2-740 bonds” in the structure. 
Between about 185 and 210cm +, the hydrate absorbs more 
Strongly relative to the 229m + peak than does ice I and 
there are definite features at these two frequencies. 
By comparison with the data on lees Vv and Vij, ens canbe 
hetasea to the 26% OL 2° 79K bonds and the 13% of 2+ 82A 
0-0 bonds in the crystal. This correlation is clearly 


rather approximate but the experimental data strongly 
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LGizs 
suggests that a useful correlation does exist. 


It is important to note that this correlation is 
purely empirical and is not based on a theoretical 
interpretation of the Spectrum. The correlation is by no 
means unreasonable on theoretical grounds but the detailed 
assignment of these features is undoubtedly more 
complicated than the correlation suggests. 

A noteworthy difference between the spectrum of the 
nydrate and that of ice’. “4s the isotope chire OL tne 
229cm + peak. The peaks are essentially coincident in 
the hydrate and in Ha 

ond 


cm in the deuterate and D.0 ice I, respectively. The 


ratio of peak frequencies of the hydrate to the deuterate 


GO 1ce 1, Dut rarer  atrecs 7 ange iy 


is 1°:029, compared to the 1°054 expected from a simple 
harmonic oscillation model, and the 1°034 found in ice I 
(198). Bertie and Whalley have argued that the low ratio 
in ice I cannot be due entirely to anharmonicity of the 
trancsiational lattice Vibrations, and must Tetlecc a 
smaller effective harmonic potential constant for HO 
than £Or D0. This effect is clearly even more pronounced 
jmecne clathrate hydrate structure unless the smalier 
Weotope shitt in the. clathrate arises elther rom inter— 
action between water molecule vibrations and guest 
molecule vibrations or from changes in the unit cell 


parameters. Interaction between host and guest molecules 


seems unlikely in view of the probable frequency of the 
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guest molecule vibrations (section sary) heh Kepalelewe. ie) eis 


whether the unit cell dimensions for the hydrate and 
deuterate were the same, they were calculated from 
measurements of the X-ray photographs. The average unit 
cell parameter was 11-88+0-03a for the hydrate and 
11+90+0°03A for the deuterate. The difference is clearly 
NOm@ Statistically ssignificant and if taken at face value 
is in the opposite sense to that required to explain the 
low hydrate/deuterate frequency ratio. However, the 
possible interpretation of this low isotope shift in terms 
of different lattice parameters cannot be completely ruled 
Ouce 

Finally, the absorption above about 230cm + iii Cee is 
was assigned to effects due to long range interactions 
(198). Two weak features were observed in ice I at 275 
and 305em > (198) whereas in the hydrate only one feature 
is seen, at Sens Hence, 16 this gassignment, as (correct, 
the long range interactions in the two systems are very 
Similan but slight difierences dor exist. “these reculits 
agree well with the conclusions concerning the Vie (aC). 
Vp (P50) and v, bands. 

The frequencies and halfwidths of the Y, ., (HDO) and 
Yop (HDO) bands. in ices Ih (203), VetL72) sunday (200) 
together with those for ethylene oxide clathrate hydrate 
are shown an Table VIII. The ratio of the frequencies of 


bY (HDO) /),, (HDO) lies between 1-35 and 1-36 for all the 
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164. 
TABLE VIII. THE FREQUENCIES AND HALFWIDTHS IN cmt OF LEE 
as (HDO) AND Vy (HBO) ABSORP INONS INO LCHiomcll; Vapi ey Un 


ETHYLENE OXIDE CLATHRATE HYDRATE AT 100°K. 


PHASE wes (HDO) ye (HDO) 
FREQUENCY HALFWIDTH FREQUENCY HALFWIDTH 
ice Ih PAA Pah. 
#42417 ~18 «se 3268 ev 30 
2395. she 
ice V 2461265 ~ 80 33502410 ~150 
022498 sh. 
Lee Vi 2464 «es 70 33.38 ~ 120 
2500" sie BsI90esh: 
ethylene 
oxide ww 2424 ew8 0 993272 e125 
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‘ 16.5. 
ices. The value for the clathrate falls at the lower end 


of the range. When a graph is plotted of the Yop (HDO) 
frequency (176, 177) against the weighted mean O-O hydrogen 
bond distance for these phases (81, 83, GG) 16 83) Ll / 2p oe 
H25)7 Pigures24, 26 is found that the four points cacne 1. 
within Bom + Of a stranght lines Ghis line haspa slope 

of about 910cm t/a as compared with s00cms 7a observed for 
Lcewll, sani ordered 1¢e, using the neutron ditftractionwoata 
OS) Poewiile one Of ethes two poants stor ace loa, whichels 
also ordered, lies on each line. Hence, the frequency 

of the Yop (HDO) absorption maximum increases with 
increasing O-O hydrogen bond length and a rough estimate 
of one parameter may be obtained from the other, but no 
exact correlation which applies to both the ordered and 
disordered phases exists. 

The YW, (HDO) and Yop (HDO) bands in the hydrate are 
broad and, unlike those of the ordered ices, do not 
exhibit the sharp féatures which have been related to 
Udirterent O-O bond. distances (168) 171). ) this confirms 
that the water molecules in the hydrate are orientationally 
disordered. Bertie and Whalley (176) have suggested that 
the width of the ¥,(HDO) and 4, (HDO) bands of ice I are 
associated with a small range of O-O bond distances caused 
by the disorder of the water molecules. Hence, the half- 
width of about 20cm eke v),,, (HDO) sel Gliele: Uh eM Tele) Veale eynl 


as characteristic of each O-O bond length indicated by 
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V5 (HDo) sem 


°o 
O-O DISTANCE/A 


FIGURE 24.. Graph of the weighted mean O-O bond distance 
against the frequency of the corresponding feature in the 
V op (HPO) absorption for various ice phases (numbered) and 


for ethylene oxide hydrate (E.0O.). 
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diffraction studies of an orientationally disordered phase. 


The residual halfwidths of ve (HDO) ef OMe CenV Rbicenvie ana 
the hydrate are, then, about 60, 50 and Aire and 
approximately reflect the mean weighted deviation of the 
crystallographic 0-0, bond lengths fom 1070215610" 0220and 
0-025A Kespectively. The halfwidth for ice V seems to 

be high by comparison with those of the other two systems. 
A value of about 2300cm a foretnGesratiolon halbiwadeieito 
mean weighted deviation of O-O bond length seems 
appropriate. The ranges of O-O bond distances in ices V, 
Viieaticetheshydrate ares0i: 101," 0-06 fvand 0-076A and clearly 
it is less easy to correlate these with the observed 
halfwidths. Even when an attempt is made pictorially to 
account for £Eheimultiplicity.of seaciu.ditierents.0-0 spond 
length using the assumption that each crystallographically 
non-equivalent O-O hydrogen bond gives an absorption 20cm + 


Wide yeni sl Siditt PECult gto account eiOme chose, Naltwid ting. 


5.2 Ethylene Oxide Absorption. 
The frequencies of the guest absorptions in the 
hydrate and deuterate (Table II) are identical within 3cm + 


and the shapes of corresponding bands are the same, except 
that the strong band at 872em ", with a shoulder at 88lem +, 
in the deuterate is not observed as a peak in the hydrate. 


The largest frequency difference of 3em + OCCUrSALOr scue 
Bo CH stretching mode, and a frequency difference of 2cm 


Cccuns Lor the Ay and B. CH. rocking modes. These 
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16s. 
differences are probably associated with the difficulties 


of measuring the frequency of a weak peak on the side of 
the intense water absorption. 

In view of the strong water absorption throughout the 
mid-infra-red region, it is important to note that the 
identity of the guest absorption frequencies in the hydrate 
and deuterate indicates that the vibrational energy levels 
of the guest molecules do not couple significantly with 
those .of the host lattice. The one exception to this 
statement is that the strong absorption at 872cm 7, with a 
shoulder at ule - observed in the deuterate is not 
observed as a peak and a shoulder in the hydrate. Instead, 
the ¥, (11,0) absorption decreases sharply in intensity above 
864cm + and fa shoulder occurs at 890cm (curve a of Figure 
9). This change in the ethylene enice absorptions due to 


the A) and .B ering deformations, Y.. and ee clearly 


if Ai 
Ineitecates that coupling must Occur between psome of tie 
rotational vibrations of the water. molecules and the ». 
and ee Vibrations Of the ethylene oxi de molecules eli ers 
probably sSsigniticant that, .althouga several other quest 
vibrations occur in the region of water molecule vibrations 
(Fagures 5 and 6), only the ring deformations (couple wwien 
them. In particular the A, and Bo CH, rocking modes at 
810 and aie in the deuterate (curve a of Figure 16) 


are clearly observed as features on the », (HO) band of 


the hydrate (curve a of Figure 9) and it is not immediately 


meisruursnin dee lial patents ul 


as =| 
pel 
ehkte nfo te yieig {her « {ou | 
’ 
' TT. 
oh Le ee 4 D> 7 ral ves 


{ weil ‘il wo?) 4 ‘4 teen pra ott Ae aly a a 


| } ie Eni 
ie § ‘ w ) Ae, ue’ i ’ 7 \ oe ai * Marana 2g Sere 
merry 


ae ied wid quonde sung ts, Yo = tii 


4 Loan Lyme ( Sacia’oa hehieng nde 


i 7 
U 4 wh i ‘ ' ro VEIT] ‘ nh. oft me stew 


i Pe | Ll» “ oe 
| * 7 " ayy oO 
. ot DS 
ge 70) wy Veet] nevis : 
y 
- 
i ' j Lins | ri sa a ™ me a ogg 
j i hae 
_ 7 nq 
j | ar a ‘ Vi bb es 
a7 Rul : 
. 
; :> Gas ai A; i re el 
: its 
i " 
‘ . jae port _,4 fine 
>? ¥ i op Te 
: it poi79 ha 7 
; ei 

n.d 5: Ta & naw 2 


On eAg nh, eel ils ae TS 8 arte bie = ay Sirs 
; prin Mey OL , beets impart me inc 
ie ris J i ied, nl mip uo 7 sis 
pit aes 

/~ 
sah cal aii. 
ee 


Pu ne ae aaa ib winke ett tcl io 
i# sagt ey t) iy) mae i 4 _ Saye aia 
WL orient Sy . a orehea 


YY Si ae 
; Thi hehe ie $8 ne ee 
° is 
ie 2 eee Soo 
my AY 


EGor. 
obvious why these guest vibrations should not also couple 


with those of the host. 

Two possible mechanisms of coupling between the ae 
and 14 ethylene oxide vibrations and the V.. (H50) 
vibrations will be considered. First, a mechanical 
interaction*due ito a’close approach of the-quest and host 
atoms May occur. From. X-ray data McMullan and Jeffrey (81) 
concluded that the shortest distances between guest and 
host atoms are 3-180 from guest oxygen to host oxygen 
atoms and 3-70 fromsquest “carbon to hestvoxygen:” The 
van der Waals radii of oxygen and the methylene group are 
i=4 cand 2-0A, respectively (230). Hence, the guest and 
host oxygen atoms are within 0+ 4A of being in van der Waals 
contact and the methylene group and the host oxygen atom 
are within 0:3A, RAE: dot renesdedee: not possible to rule 
out mechanical interaction as the cause of intermolecular 
GOUpLing pMbUECLt vistdikiieule tosunderstand myhy Monly tense 
ethylene oxide ring deformation vibrations are involved. 
Second, interaction between the changes in dipole moment 
during the guest and host vibrations may occur. The 
magnitude of this interaction, called a transition-moment 
interaction, depends on the magnitude of the transition- 
moments of the vibrations which are, in turn, Gelareda to 
the intensity of absorption by the vVibratvonsererhe v.. and 
Y ethylene oxide absorptions “ane thevstrongesr 
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(Figure 6), and the Y, (11,0) band is extremely intense and, 


hence, these vibrations may well be the most likely to 
interact through transition-moment coupling. However, 
other strong ethylene oxide absorptions do occur in the 
neighbourhood of intense water absorptions (Figures 5 and 
6) and these might also be expected to show the effects 

of guest host interaction. Hence, no definite conclusions 
as PeOutcne MeEnOdsOl Coupling can beemade. 

The frequencies and assignments of the fundamental 
vibrations of ethylene oxide on the gas and liquid phases 
and in®the*clathrate are ‘given Gin tlablev Vie" Detiseclear 
that the frequencies in the clathrate are usually closer 
to those of the -ligquid than those of the gas. ~The 
similarities are clearly seen in Figures 13 and 16. [In 
particular, the liquid frequencies tare lower) thanetiese 
of the gas by a maximum of 9s cnue except for the B, Cil, 
stretching and twisting modes which are higher by about 
Bem +. The frequencies of Chesclathrate absorpeions@are 
below! those of ether: Ji guid“by up Go 6em ay except for the 
Ay and By ring deformations and the Be CH. rocking mode 
which occur at frequencies higher than those observed in 
the liquid. The frequencies of the ethylene oxide 
absorptions in the clathrate are generally different 
from those of the solid (Table V), but the comparison is 
not easily made because of the factorveroupesplileingein 


tiewspectrum of the solvd (2i7®andtFigures: l0sandei6). 
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Hence, these comparisons indicate that the guest molecule 


at 100°K experiences similar forces to those which it 
experiences in the liquid at 200°K, and this is entirely 
consistent with the previous observations (125) that the 
guest molecule rotates at about We ey 4s Siren WOU y Ge LUGS 
Speectrasgive no indication ol anisotropic rotation of the 
guest motecule since no systematic correlation exists 
between the frequency shifts and the molecular symmetry 
species of the vibrations. 

The band shapes of the ethylene oxide absorptions in 
the clathrate do not show any of the fine structure 
observed in gas phase spectra, nor do the bands show the 
baccOr GroupesesL_tcingror Upto 10cm™+ observed (217 and 
Figure 10) #¥n the solid. The only fine structure observed 
ECL Se to aseaarieyocmm wcoup ree together with the two 
satellite peaks at 1255 and T2ed0em™> Shown in fF roure U5. 
In view of the fact that the molecules have 'largest 
van der Waals diameter' of 5+ 2A (42 hand “the” tetrakal— 
decahedral cages centres are 6A apart, and especially 
because the guest molecules are rotating at about 107% s/s 
at V00°K (125) and are therefore disordered unless they 
Fotate cooperatively, it seems unlikely that even “the 
1268/1270em+ Splitting Ws due toMtactor Group alowed 
components. Further, although there are Gitterena fields 
in different cages caused by the random orientation of the 


water molecules, Davidson has shown (130) that these 
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: 1D 
fields have a range of values with a maximum frequency of 


occurrence close to the mean, and no other Darticularly 
probable values. Hence, it seems unlikely that these 
different fields would cause a specificvsplitting, but 
instead they would be expected to cause a broadening of the 
eabsoretiongband. ~The 1255emi> bend is, probably, due to) the 


Ay ring breathing mode of pace” 


H ,O (217) but tne) wand 
1280cm + bands remain unassigned. 

Several possible interpretations of these components 
of the A, ring stretching vibration exis Cee rcty wOnemol 
more of the absorptions may be associated with guest 
molecules in the pentagonal dodecahedral cages. The 
spectra of samples prepared by different techniques yielded 
no evidence /to support this interpretation but the data 
were not definitive. Second, individual guest molecules 
may rotate at different speeds or may rotate anisotropic-— 
ally. However, the Ay ring breathing smode joceurps at 
almost the same frequencies in the gas, liquid and solid, 
1270-3, 1268 and 1266cm +, respectively. It is difficult 
fo understand. why such, rotational dif ferences, which must 
be. small by comparison with the ditferences 1m the 
molecular motion in different phases, should cause such 
distinct splittings. Third, X-ray results (81) have been 
interpreted as indicating two different equilibrium 
orientations of the guest in the tetrakaidecahedral cages. 


Dielectric results (125) indicate that the guest reorients 
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at about 10° “c/s at 100°K, and it is difficult to under- 


stand how this is consistent with the existence of just 
two equilibrium positions observable over the time of an 
“Lay study. "Hence, "a variety lof aneerpretatrvons *or sthe 
Sp lTetings@of sthe Ay ring breathing mode are possible, but 
no definite experimental evidence exists to indicate which, 
Ver any poLrs -COrrect. 

ot Seems unusual that only =the Ay Ying breathing mode 
should exhibit splitting in the clathrate, especially when 
Peers Notedsthat in the solvd, where moleeculestare aim 
vom cer Waals contact, this is "one of the A, modes which 
does not show detectable factor group components (the Ay 
CH. wagging mode does split) (217). However, the other 
vibrations of the guest which show unusual behaviour in 
the spectra of the clathrate are the ring deformation 
modes near e70ene =e In the deuterate the band at eWiOenic we 
with a shoulder at ucla # is unusually broad (curve a of 
Pagure’ 16) “while in the hydrate; as Giscussed above, 
CoupLingewweh the V,, (#50) modes occurs. It is tempting to 
explain thevobservation that all threemethy lene oxider ring 
vibrations show more complex absorption than the other 
guest vibrations by postulating some form of weak inter- 
action between the ethylene oxide oxygen atom and the host 
water molecules. Such an interpretation may explain why 
these peculiarities are confined to the rang Vabfataons. 


This interpretation is not immediately compatible 
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174. 
with the observation of the very rapid reorientation of 


the dipole moment of the guest molecules at 100°K (125). 
However, the frequency olftheser vibrations ister the order 
of one thousand times that of the reorientation frequency 
at 100°K, while the 2cm— doublet separation is about six 
times "greater thentthe reorientation frequencyAu luis 
possible, therefore, that the infra-red spectra are 
sensitive to an interaction that is weak enough to allow 
thetdipolay reorientation, but stréengtenoughk to causetthe 
effects of interaction between the ring modes and the host 
lattice to be observed in the spectra. But then, the 
different influence of this interaction: on the Ay ring 
stretch and the ring deformations remains to be explained 
fully peal théugh aft may ibesparttellyvdauetto therctoge 
proximity of the two ring deformation frequencies. 

The most obvious ‘experimental study ‘to clarify “this 
problemuisivto observe ‘the effect of varying “the “sanple 
temperature on the spectrum. This would change the 
reorientation rate, and if the sample is cooled to 4°K the 
guest molecules essentially stop reorienting (125), thus 
eliminating teffects duewto molecular reorientation: 

Most of the guest molecule absorptions are single 
peaks with halfwidths of 3 to Som 7. The only exceptions 
to ttihis «statementivearecthe 3069cm > band which has a hal£- 
width of about Bom 2 in) the devterate (curve anol Figure 


MSR re etal 1268/1270em™~ doublet which has an overall half- 
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width of about 4cm = (Figure 15) and must have a half- 


width of less than Jom for each component, and the 
8720m + peak which has a halfwidth of about Jom + in the 
deuterate (curve a of Figure 16). It seems likely that 
the 3069em + band is broadened by the presence of the A. 
CH stretch, while the breadth of the 872cm + band with 

the 88lem * shoulder is less clearly understood but may 
bevdue to the guest-host interaction discussed above, or 
to coupling between the Ay and By ring modes in the low- 
symmetry environment of ‘the clathrate. ‘The halfwidths of 
the ethylene oxide bands in the liquid are all greater 
Shee, Ween and, hence, the bands are considerably broader 
than those in the clathrate. Gordon (231) has suggested 
thate the width’of infra-red “bands in liquids ie mainlyedue 
Foemnofecu lagereorventation. Barto Li ander eovicz i t2e2) 
haves suggested “that both sintrinsi Ceand “extrinsieseatiects 
are involved in the linewidth, the extrinsic effects being 
Caused by molecular reorientation? "Bertie *end"sunder (233) 
have pointed “outttwo factors that contribute torthe 
intrinsic halfwidths of the absorption bands in the 
liguids: site effects and intermolecular Vibrationed: 
coupling. The site effects arise from different fields 

at different sites in the liquid which cause different 
vibrational frequencies for molecules at these different 


Sites. The intermolecular vibrational coupling effects 


arise from tthe closexproximity of Llikeymolecules ineche 


as bit i 


lela add ad 0 


ee: ‘ oe i” 


ia ' 


20) ty ae 


aa 7 
a 


7 


Bist 7 
7 ’ 
f 
an ‘ nt v 
Mod & awa dove feta "e Cd ee 
| i byt 5 
TE i iF ¥ ‘we { ee (faa dia? 
f : } \ ful ! a i a) 
(i) hm i (aT oleae & 9 
epics > Atataet all “mae oe) ai 
a wand | Hon ree be etoder: se RD 
‘ot ea ea aati eased ss 
| re 
pty | f f i , * 6a: 
rt belt 
i P jchi- aad t 
I i 14> a) eg Fh ene’ 
; phine, on 
ij ' — 
f ri) ori. pated re 
i ch 7 
‘ ri r / k | oe : 
ae a) oe 
c= BIGn Te | we) ayhiee ‘7 
ee a ‘ 
\ [ a afro Wines PPTL ooz sake ae : 
fr 
at , , a —s * 
of us fe aa saopeue ’ a 
d ‘Boi eke ; i 5 <4 ' ky ht | ai J) peers 
4 fiaivtede wien FEehvrt.' gnied re 
j : ’ 
' baw al yf 4 ape ie hawt nial yes 
. Pat ; yan “tm vate rat oka as © 
4 | ; tee re ta) } Pa iA ein = ry -tB a hoy 
ro ae 7 
nat yey 1 hos pera aneyti ~~ ot?” eb 
vy 
eT wt wi ‘ —, fy a 


. omade fost a3 d 
ara indipenn. | enad: 


- well ih 
f as pre 
oe 


Ber ti ns 


aa iG. 
liguid state, and are not expected "to "significantly 


influence the spectra of the clathrate because the closest 
distance between cage Centres sis 6A (81). innthe elathrate 
the guest molecules reorient at a rate comparable to that 
belteved totoceur ein Wiguide: 

Two possible explanations of the sharper linewidths 
imethe spectravelrehertelathvaterthan im those ofethe 
LiquidMwil Mi berdiscussed AiiMirse, Git dehe vontentational 
width is very sensitive to the speed of reorientation, 
then, presumably, the ethylene oxide motion in the 
ehathratetdi tiers isubiicrvently (irom hab tinethewiaguid 
State to eauseva mayorcchange win linewidths vSecond;, 
molecular reorientation in the absence of intermolecular 
coupling may have only a small influence on the linewidth. 
The temperature dependence of the linewidths are required 
before these interpretations can be discussed further. 

Tt only remains now to discuss the intermolecular 
vibrations of the ethylene oxide guest molecules. It is 
known £rom studies fof the dielectric (constantsson the 
Hyeraten (section 1.602) sthati’therethy lene oxide molecules 
Sehouldvexmibitetainiyes trong@etareint ra red vebsorerion. 
Further, it would be expected that the main contribution 
will come from rotational vibrations of the guest 
molecules. No direct assignment of these modes can be 
made from the spectra, partly because of the difficulty of 


measuring the isotope shift for the low frequency region. 
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fid-infra-red spectral studies, discussed earlier, 


have shown that the ethylene oxide molecule experiences 
Similar forces at 100°K in the clathrate to those which it 
Gxperrencesain thesliquid at 2002Ke Hence, by analogy 
with the intermolecular absorption by both nen-pollanse (233) 
and polar liquids (234), the guest would be expected to 
show a broad absorption band centred at about Bo emies 

The intermolecular ethylene oxide absorption may be 
estimated from the experimental data by considering the 
contribution by the water molecules to the hydrate spectrum 
below logem >. Inelastic neutron scattering studies on ice 
I and on sulphur dioxide hydrate (131) both yield density 
of states curves for the water translational vibrations 
because the scattering from both sulphur and oxygen in the 
presence of hydrogen can be neglected. The results show 
aaa the density of states of water translational 
vibrations below L00em) ~ in sulphur dioxide hydrate is 
sSimlaretesthat.vok.ice (1; sexeept that -thesmaximumgoceurs 
about 20cm. * higher than in ice L..) The far infra-red 
Spectrum of pice 1, which fepproximates the density ol states 
weighted by the square’ of the frequency (196), has a 
shoulder at about 60 me whi lerinonelO0 eto 60cm. — the 
absorbance decreases with decreasing frequency and below 
Beet it decreases trapitdlyme 98,04). Hence, che 
contribution to the infra-red spectrum by the water 
molecule absorption in sulphur dioxide hydrate is expected 


; aul - 
to decrease from 100 to 80cm and to decrease more sharply 
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mak vests 
below 80cm ~. Presumably, an almost identical contribution 


to the far infra-red spectrum is made by the water 
molecules in ethylene oxide hydrate since both hydrates are 
isostructural. When such an absorption is subtracted from 
the observed spectrum of ethylene oxide hydrate (Figure 7) 
a broad band remains. This absorption extends from about 
100cm™+ to low frequency with a maximum at about 50cm +, 
Thus, if these arguments are correct, the ethylene oxide 
intermolecular vibrations are centred at about 50cm + and 
contribute to the spectrum from about 100cm™+ to low 
frequencies. 

Morris and Davidson (123) have estimated the frequency 
of the rotational vibrations of the guest molecule in the 
SEructure if hydrates of cyclobutanone and tetrahydroturan 
Bom DesO. (heworcen OF 200m +, A similar calculation may 
be carried out for ethylene oxide hydrate in the following 
Nanner. Thevcontribution, xn, to the refractive index 


fieomea bandiot absorptivity K(V) at frequency y) is Given 


py (213). 


Further it is known that the absorptivity is given by the 


equation (236): 
Jxm) ad = 44 (34 
3 @& 


where c is the velocity of light, N, is the density of 
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EG 
guest molecules and (24 is the change in dipole moment 
with respect to the normal coordinate On HOt aASsrOtarlonas 
vibration of small amplitude the simplification may be 


made that (123): 


where ys is the dipole moment, and I is the moment of 
uertia corresponding to an anguler displacementyO | lt 

if iS asstmed that all of the far infra-red absorption 
arises from the two rotational vibrations which change the 
direction of the dipole moment of the molecule, and if 
these two vibrations are assumea to be degenerate and to 
absorb entirely at one frequency, then, combining the above 
three equations the frequency, ¥, of these vibrations is 


given in cm Divs 


For 6°8C,H,0.46H.,0 the Und tecel leas al OAn ate Olan 


(83) which yields the density of guest molecules, N 


° 
A OO Xx oro the dipole moment of ethylene oxide, AA , 


is Ae 


jake AOR S errs eeu cm (237) and I, taken as the mean of 


the two moments of inertia of ethylene oxide about the 


-40 
axes perpendicular to the symmetry axis, 1s Aux a0 
gm om? (i423). The vadue of &n may be calculated from the 


dielectric constants in the following manner. If the 


value Of. Bax, for ethylene oxide hydrate of PN a OW i TS 
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180. 
1s compared to the value of 2:85 for a Structure I hydrate 


of a non-dipolar molecule such as cyclopropane (122) then, 
using oS = ne, An is calculated to be between 0:26 and 
0-41. These values of An yield frequencies of 38 and 
30cm + Lespectively. In calculating fn by the above 
method, it has been assumed that the contributions to ee 
from the electronic’ polarization and all vibrations other 
than the ©rOtational vibrations are the same Lor tne two 
hyG@rates, This 1S Obviously only an approximacion. An 
alternative method of calculating An is to calculate 


ge 


theoretically the value that p,, would have if there were 
NO aconLe polarization (123). “Mie meenoa ts Very, 
sensitive to the value chosen for the free radius of the 
Cages, but it this Ws! taken to be 2+9K (GSE othe sre 1] ee 
7s found to be 3°72. This’ leads to volves of The trequency 
that are about 44 and Aes if it is assumed that the 
entire, atomic polarization is due) te ithe, rorarronea, 
vibrations. Again this is clearly an approximation and, 
in view of the uncertainty of the experimental value of 
Gen of the approximations in the frequency calculations 
and of the uncertainties in the value of che free cage 
Tadiue, 1 was not considered worthwhile to present the 
detailed calculations of this method. The calculations do, 
however, indicate that the absorption should be centred in 


the neighbourhood of 40cm ~ and £rom studies on olher 


clathrate systems it seems likely that the frequency is 
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not significantly temperature dependent (9). Hence the 


calculations place the absorption at a slightly lower 
frequency than is obtained from the arguments based on 
experimental data, but in view of the complexity of the 
system the agreement is rather good. The calculations 

give no indication of the breadth of the absorption and, 
theretore, give no support to the deduction from 
experimental data that the intermolecular vibrations of the 
ethylene oxide molecules contribute to the spectrum up to 
L00cm +, It is desirable to obtain further experimental 
evidence on this point from the temperature dependence of 
the spectrum of ethylene oxide hydrate or from the spectrum 
of the Structures 1 clathrateS®hydrate of thernon=di polar 
molecule, cyclopropane, at 100°K, before a firm assignment 
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